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ABSTRACT
Wild radish (Raphanus raphanistrum L.), a facultative winter annual is a
troublesome weed in small grain crops of the Southeastern United States.  Besides being
a weed, it may also be used as a cover crop for weed management due to its production of
glucosinolates. Studies were conducted to evaluate the biology and ecology of wild radish
as well as its glucosinolate production and its weed management possibilities. 
Wild radish emerging in fall months formed a rosette of leaves which aided its
winter survival.  Plants emerging from December through March that did not form a
rosette had minimal survival.  Wild radish life cycle ranged from 43.5 to 230.5 days. 
Plants emerging in the fall had greater biomass and seed production compared to ones
emerging in summer months.  Developmental phases most influenced by the emergence
date were emergence to bolting and bolting to flowering.  Phenological development
phases, except for flowering to silique production, were dependent on both temperature
and photoperiod. 
Wild radish seeds at maturation exhibited lower germination compared to seeds
after-ripened in the field for 3 to 6 months.  Temperatures of 5 to 15 C were required for
germination. Germination was greater at fluctuating temperatures compared to constant
temperatures.  Burial of seeds (10-cm depth) decreased germination with red light
increasing germination at 6 mo after retrieval from soil, indicating a phytochrome effect. 
Five glucosinolates - glucoerucin, glucotropaeolin, glucoraphenin, glucobrassicin,
ii
and gluconasturtin were present in plant parts ranging from cotyledon to flowering stage.
The highest concentration of total glucosinolates was present at the flowering stage. 
Glucoraphenin and glucoerucin were the predominant glucosinolates among different
accessions of wild radish.  Accessions from Florida and Mississippi had the greatest total
glucosinolate concentration.  Glucosinolates that hydrolyze to form isothiocyanates,
which inhibit seed germination, comprised greater than 80% of the total glucosinolates.  
Wild radish cover crop alone provided good early season but not season long
weed control.  Wild radish in conjunction with half rates of atrazine plus S-metolachlor
provided season-long control of Florida pusley, large crabgrass, spreading dayflower, and
ivyleaf morningglory without affecting sweet corn yields, ultimately resulting in less
herbicides required for acceptable weed control. 
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CHAPTER 1
LITERATURE REVIEW
Wild radish, a member of the Brassicaceae family, is an annual broadleaf that
germinates in both fall and winter and matures from March to June in the Southeast
(Schroeder et al. 1989).  It germinates during winter months when soil temperature falls
below 18 C and a chilling requirement has been met to break dormancy (Ferrell and
MacDonald 2005).  It is the number one weed in small grains, especially wheat in the
southeastern US.  Besides the US, it is also widespread in Australia, England, Kenya, and
South Africa (Cheam 1986). 
Raphanus is derived from the Greek ra (quickly) and phanomai (to appear), which
refers to rapid germination and growth of seedlings (Cheam and Code 1995). Wild radish
produces hairless obcordate cotyledons which are 8 to 15 by 10 to 20 mm with a 10 to 25
mm long petiole (Cheam and Code 1995). As growth continues, it forms a basal rosette
with alternate simple leaves (Ferrell and MacDonald 2005).  The first true leaves are
divided with distinct lobes at the base, and as the plant matures, it has erect branches
covered with prickly hairs.  Upper stems become narrower, shorter and often undivided
(Cheam and Code 1995).  Bolting begins usually in the late winter and early spring when
the temperature begins to rise, resulting in competition with crop plants for light (Cheam
and Code 1995; Ferrell and MacDonald 2005). Wild radish has a tap root, enabling it to
survive during moisture stress and provide reserves for regrowth (Cheam and Code 1995;
1
Lorenzi and Jeffery 1987).  Flower color is yellow, white, or purple, with white and
yellow flowers predominant in the eastern U.S. (Ferrell and MacDonald 2005).  The fruits
of wild radish are yellowish brown siliques which are constricted between seeds breaking
into segments when mature.  It has yellowish-brown oval seeds (Cheam and Code 1995). 
Wild radish has a thick silique, which allows it to tolerate differential temperatures and
environmental conditions.  It requires a minimum temperature of 5 C for germination; the
maximum is 35 C (Cheam and Code 1995).  
Most wheat fields in the Southeast are infested with wild radish, and if not treated,
grain yield and quality decline (Ferrell and MacDonald 2005).  In wheat, wild radish seed
production can range from 292 seeds/m2 from 1 plant/m2 to 17,275 seeds/m2 from 52
plants/m2 (Reeves et al. 1981).  Early emerging plants were found to produce more seeds
than later emerging plants (Cheam 1986).  In addition to interfering with wheat, wild
radish is problematic in legume crops, particularly lupins, with its siliques contaminating
the harvested lupin (Cheam 1986).  Wild radish seeds harvested and stored with lupin
seeds reduce germination the following year (Wood et al. 1985). 
 
Phenological Development
Phenology is defined as the development of a plant through successive growth
stages (Juskiw et al. 2001).  It is the major factor determining outcome of crop-weed
competition.  Temperature and photoperiod are the two most important environmental
factors affecting phenological development (Ghersa and Holt 1995; Major and Kiniry
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1991).  Understanding phenology of weed species is essential in developing mechanistic
models for crop-weed competition (Elmore 1996).  These mechanistic models access the
impact of environmental factors and genetic variation on growth and development of crop
and weed species (Ghersa and Holt 1995).  
Phenological development of wild radish is dependent on both temperature and
day length (Cheam and Code 1995).  To make weed management decisions regarding
optimum time for herbicide applications for wild radish, studies of temperature and light
requirements for germination are needed. 
Germination and Dormancy
The knowledge of emergence potential and patterns of wild radish is essential for
making critical weed management decisions. Wild radish seeds showed greatest
emergence at depths of 1 cm (10 to 30%) with a progressive decline with increase in
burial depth from 1 to 10 cm in the field (Cheam 1986). Wild radish seeds (70%) are
dormant at the time of maturity and the dormancy was suggested to be due to the thick
silique surrounding the seed (Cheam 1996).  It has also been reported that a non-leachable
chemical inhibitor in the silique is responsible for dormancy (Mekenian and Williamson
1975).  Seeds mature during the summer from June to August and shatter to the ground as
whole siliques.  After overwintering, these siliques fracture into segments and
approximately 10% of them release isolated seeds (Mekenian and Willemsen 1975). 
Seeds stored on bare soil for 2 months showed higher germination than the ones stored
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under vegetation (Cheam 1986) suggesting majority of germination of wild radish occurs
before the wheat canopy forms in late spring.  The viability of seeds decreases with time,
from 43% after 6 months, to 18% and 5% after 12 and 24 months, respectively (Reeves et
al. 1981).
Effect of constant and fluctuating temperatures 
Weed seeds can germinate at both constant and fluctuating temperatures
depending on species.  Fluctuating temperatures are the most important factor for
germination of weed species because they interact with other environmental factors such
as light, nitrates, phytochromes, burial depth and may aid in their germination (Thompon
et al. 1977; Williams 1983; Probert et al. 1986).   Diurnal temperature fluctuations
diminish with depth with highest fluctuations being on the soil surface resulting in
germination decreasing with increasing depth (Thomson and Grime 1979). 
Wild radish has been shown to germinate over a wide range of temperatures.  It
has a minimum and maximum temperature for germination of 5 and 35 C, respectively
(Cheam and Code 1995).  The germination percentages change when seeds which have
been separated from the siliques are compared to ones which have intact siliques. 
Siliques have been reported as the main reason for dormancy in wild radish (Cheam
1996; Mekenian and Willemsen 1975).  Seeds isolated from siliques had 60%
germination in light compared to 23% in dark at 5/15 C fluctuating temperature, while
seeds within siliques had 5% germination in light and 0% germination in dark (Mekenian
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and Willemsen 1975).  The effect of constant and fluctuating temperature on emergence
of wild radish in the Southeast is not known but wild radish behaves as a facultative
winter annual emerging in both winter and summer (Norsworthy, personal
communication). Wild radish rosettes do not overwinter and behave as a summer annual
in the Northeast (Mekenian and Willemsen 1975).  Knowledge of effect of constant and
fluctuating temperatures on wild radish emergence will help understand wild radish
emergence. 
Effect of light 
Light influences many aspects of weed growth and competition (Holt 1995). 
Light exposure of plants in the range of 10-5 to 10-10 W/m2 influences plant responses such
as phototropism (Fitter and Hay 1987).  Other processes such as flowering,
photosynthesis and dormancy are influenced by different levels of light exposure (Holt
1995).  Dormancy influences the germination of seeds in both light and dark conditions. 
Non dormant seeds of some species germinate more in light than dark conditions (Grime
et al. 1981; Baskin and Baskin 1988); while others germinate more in dark than light
conditions; and finally some of the species germinate equally well in either condition
(Baskin and Baskin 1988).  It has been found that the light requirement of seeds can
change as they are exposed to light during the dormancy-breaking period (Baskin and
Baskin 1998a).  
In plants, light is perceived by non-photosynthetic pigments like phytochromes,
which induce photomorphogenic responses (Ballare and Casal 2000).  Wild radish
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showed maximum germination in the dark at alternating temperatures when the seeds
were stored for 6 months (Mekenian and Williamson 1975).  Similarly, germination of
leached (8, 16 and 24 hours) and stratified seeds at 4 C (first three weeks of stratification)
seeds was greater for seeds stored in dark (Mekenian and Williamson 1975).  They also
reported that freshly harvested seeds in both light and dark conditions had lower
germination when compared to the ones exposed to after-ripening and stratification (4 C). 
Varying ratios of red/far-red light have been shown to enhance as well as inhibit
germination among different weed species (Baskin and Baskin1998b).  Weed seeds have
been shown to have reduced germination under a crop canopy because of changes in the
red/far-red ratio, which indicates a phytochrome regulated effect (Ballare and Cassal
2000).  Research on the effects of absorption of red and far-red light on germination may
help to better understand the factors responsible for germination of wild radish.
Allelopathic Potential 
Wild radish has been shown to have allelopathic effects on other plants
(Norsworthy 2003).  Allelopathy is defined as the effect of compounds which are released
by a plant that produce a phytotoxic effect on neighboring plants.  An aqueous extract of
oven dried wild radish showed allelopathic potential by inhibiting the germination and
growth of prickly sida (Sida spinosa), pitted morningglory (Ipomoea lacunosa), and
sicklepod (Senna obtusifolia) (Norsworthy 2003).  Other Brassicaceae plants such as
white (Brassica hirta Moench.), brown [Brassica juncea (L.) Coss], and black mustard
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[Brassica nigra (L.) Koch], leafy turnip (Brassica campestris L.), rapeseed (Brassica
napus L.), and garden cress (Lepidium sativum L.) have similarly been  found to have
allelopathic potential (Vaughn and Boydston 1997). 
Wild radish may be used as a cover crop in summer vegetable crops because of
the possible allelopathic potential and ability to grow in late fall and early spring. Corn
has exhibited tolerance to wild radish in greenhouse experiments (Norsworthy 2003). 
Therefore, wild radish may be used as a component of an integrated weed management
system in field or sweet corn.  Other Brassicaceae plants have been successfully used as a
green manure prior to planting potato (Solanum tuberosum) in the Pacific Northwest,
reducing weed density and weed biomass as much as 85 and 96%, respectively (Boydston
and Hang 1995). Besides weed control, cover crops have been used to reduce soil erosion,
conserve soil moisture and increase soil organic matter (Sojka et al. 1991).  It is believed
that wild radish may offer similar benefits. Wild radish because of the abundance in the
Southeastern United States if properly managed may offer a weed management option to
reduce herbicide usage.
Glucosinolates 
The allelopathic potential of wild radish has been suggested to be associated with
the production of glucosinolates (GSLs).  GSLs are sulphur-containing plant secondary
metabolites found in Brassicaceae which consists of a β-thioglucose moiety, a
sulphonated oxime moiety and a variable side chain, derived from an amino acid [Figure
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1.1(A)] (Mithen 2001).  About 120 different GSLs are present in sixteen families of
dicotyledonous angiosperms including a large number of edible species (Fahey et al.
2001).  The variation in side chain is mainly responsible for glucosinolate variation
(Mithen 2001).  GSLs have been known for their insecticidal, fungicidal, bactericidal,
nematicidal, allelopathic, and more recently anticarcinogenic activities (Fahey et al. 2001;
Mithen 2001).  A number of GSLs have been identified in wild radish that are distributed
in roots, shoots, and leaves of wild radish (Fahey et al. 2001).  
 GSLs play an important role in weed suppression when converted to
isothiocyanates (ITCs) [Figure 1.1 (B)] by myrosinase (Peterson et al. 2001).  The GSLs
glucoiberin, glucoerucin, glucoraphanin, gluconapin, gluconasturtin, and glucotrapaeolin
have been shown to hydrolyze to form ITCs which have potential herbicidal properties
and can potentially be used as biofumigants (Kirkegaard and Sarwar 1998).  ITCs are
known to have biological activity (Chew 1988).  
Isothiocyanates
The primary biological activity of GSLs takes place after their hydrolysis to ITCs
(Chew 1988; Fenwick et al. 1983). Other breakdown products involve nitriles,
thiocyanates, and oxazolidinethiones depending on plant species, pH, and side chain
substitution. (Bones and Rossiter 1996).  The structural variability of ITCs is due to
different R-groups that are bound to carbon (Fenwick et al. 1983).  The hydrolysis of
GSLs occurs as a result of mechanical damage to Brassicaceae tissue (Mithen 2001). 
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Large amounts of ITCs can also be released after decomposition of dead plant materials
(Bell and Muller 1973).  More than 20 different aliphatic and aromatic ITCs have been
identified in different Brassica sp. with the dominant ones being mostly unsaturated
aliphatics or aromatic ITCs with 3 to 10 carbon units (Brown and Morra 1995; Fenwick et
al. 1983). 
ITCs can play a significant role in weed suppression (Borek et al. 1998; Peterson
et al. 2001; Smolinska et al. 2003).  Tuber production by yellow nutsedge (Cyperus
esculentus) plants competing with tomatoes (Lycopersicon esculentum) or bell pepper
(Capsicum annum) declined 88% when soil was amended with wild radish (Norsworthy
and Meehan 2005).  Benzyl ITC found in papaya (Carica papaya) inhibits velvetleaf
(Abutilon theophrasti) germination (Wolf et al. 1984).  Methyl ITC, a degradation
product of metham, partially inhibited germination of large crabgrass seeds at 1.0 and 2.0
mM concentration, whereas concentrations of 4.0 mM and greater resulted in complete
inhibition of seed germination (Teasdale and Taylorson 1986).  Similarly, n-butyl and 2-
phenethyl ITCs when incorporated into soil inhibited the germination of smooth pigweed
(Amaranthus hybridus) (Peterson et al. 2001).  The method of ITC application can affect
seed inhibition.  Palmer amaranth (Amaranthus palmeri) germination was inhibited more
in the vapor phase by n-butyl ITC compared to aqueous solution (Peterson et al. 2001). 
These ITCs are volatile compounds and highly unstable in soil and more than 90% of
ITCs disappear within 24 hours of their soil application (Brown and Morra 1995). 
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Genetic Diversity of Glucosinolates
GSLs can vary among different plant parts and ecotypes of the same species
(Klibenstein 2001).  Thirty-four different qualitative and quantitative differences in GSLs
have been identified in the leaves and seeds of 39 different Arabidopsis thaliana ecotypes
when grown under similar environmental conditions (Klibenstein et al. 2001). GSL
composition variation was predominantly through the methionine chain elongation
pathway in Arabidopsis thaliana (Kroymann et al. 2001).  Wild radish can also exhibit
GSL variation through the methionine chain elongation pathway because it belongs to the
same family as Arabidopsis.  To use wild radish as a possible weed management option, a
study of GSL content at various growth stages and in plant parts as well as among various
ecotypes is needed to identify the best accessions and growth stages for its use for weed
control. 
A basic understanding of the ecological characteristics, allelopathic potential,
diversity in GSL content, and factors regulating dormancy and emergence of wild radish
will aid in development of effective weed management strategies.  The main objectives of
the research were to develop an understanding of the biology and ecology of wild radish
by (1) evaluating the effects of temperature and photoperiod on phenological
development, (2) evaluating germination requirements over a 12-month period following
maturity, (3) determining GSL content at different growth stages, (5) comparing GSL
content among accessions from various locations, and (6) determining the potential use of
wild radish and rye cover crops for weed suppression in sweet corn. 
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Figure 1.1: General structure of (A) glucosinolate molecule and (B) ITC molecule, R
denotes the variable side chain (Source: Mithen 2001).
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CHAPTER 2
EFFECT OF TIME OF WILD RADISH (Raphanus raphanistrum) EMERGENCE ON
SURVIVAL AND DEVELOPMENT IN SOUTH CAROLINA
Abstract
Field experiments were conducted from 2004 through 2006, at Pendleton and
Clemson, SC, to determine the influence of seasonal emergence of wild radish on
phenological development, survival, and seed and biomass production.  The duration of
four developmental phases - emergence to bolting, bolting to flowering, flowering to
silique production, and silique production to maturity were recorded following wild radish
sowing at the middle of each month.  Seedling emergence occurred 2 to 4 wk after sowing
(i.e. the following month).  Survival of seedlings that emerged from December through
March was less than survival of those that emerged in all other months.  Wild radish
emerging from April through August completed their life cycle by summer or by early
fall.  Wild radish emerging from September through November was able to survive the
winter and complete its life cycle the following spring.  The developmental phases most
affected by time of emergence were emergence to bolting and bolting to flowering.  The
importance of heat unit accumulation (growing degree days; GDDs) and photoperiod on
the duration of the developmental phases was evaluated.  The duration of emergence to
bolting ranged from 249 to 479 GDD, and bolting to flowering from 270 to 373 GDD,
depending on the month of emergence.  The total life cycle of wild radish varied from a
low of 1267 GDD following June emergence to 1503 GDD following November
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emergence.  Multiple regression analysis revealed that most phenological development
phases were dependent on both temperature and photoperiod.  Seed and biomass
production were influenced by month of emergence.  An average of 1,470 seeds plant-1
was produced when emergence occurred in July compared with an average of 10,170
seeds plant-1 when emergence occurred in November.  Plants that emerged in the fall
exhibited minimal growth during the winter months, but conditions were conducive for
growth in mid-March and April, with biomass production of 809 g plant-1 at silique
production.  Wild radish is capable of emerging and producing seeds during most of the
year, and season-long control measures should be adopted to prevent seed production and
replenishment of the wild radish soil seed bank. 
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Introduction
Wild radish is a facultative, winter annual weed that is prevalent throughout the
southeastern US (Schroeder 1989).  It is a common weed in wheat (Triticum aestivum L.),
peanut (Arachis hypogaea L.), corn (Zea mays L.), and vegetable crops in the US, Canada,
and Australia (Cheam 1986; Mekenian and Willemsen 1975; Webster and MacDonald
2001).  It is prevalent in abandoned fields, along roadsides, and in crop fields in early
spring and late fall following crop harvest.  Wild radish fails to germinate below 5 C or
above 35 C (Cheam and Code 1995).  Peak emergence occurs in the fall and spring in the
southeastern US when soil temperatures are below 18 C (Ferrell and MacDonald 2005). 
Due to its abundance in production fields throughout the southeastern US, it is essential to
understand the factors contributing to wild radish success as a weed. 
Integrated weed management (IWM) strategies focus on improving weed control
through a combination of strategies such as altering crop sowing dates, narrowing row
spacing, and use of competitive cultivars and cover crops (Bhowmik 1997).  In order to
develop IWM strategies, knowledge of biology and development of weeds is essential,
including plant growth and development in both competitive and noncompetitive
environments. 
Phenology is the development of a plant through successive growth stages (Juskiw et
al. 2001).  Temperature and photoperiod are two factors which have significant effects on
the phenological development of most crops and weeds (Ghersa and Holt 1995; Major
and Kiniry 1991).  Understanding phenology of weed species is essential in developing
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mechanistic models for crop-weed competition (Elmore 1996).  Accumulation of heat
units or growing degree days (GDDs) has previously been used to predict phenological
development of many crops and weeds (Baker and Reddy 2001; Bhowmik 1997; Reeves
et al. 1981).  GDD calculations require knowledge of a base temperature below which
plant growth ceases (Baker and Reddy 2001).  The base temperature for growth of wild
radish from Australia and the northeastern US was shown to be 4.5 C (Mekenian and
Willemsen 1975; Reeves et al. 1981).  Wild radish in the southeastern US did not
germinate at temperatures below 5 C (Malik et al. 2008a).  Phenological development of
wild radish in Australia was dependent on both temperature and photoperiod (Reeves et
al. 1981).  Temperature solely influenced development up to flowering in Australia, with
less than 600 GDD accumulated before flowering.  Conversely, development following
flowering was affected by temperature and photoperiod (Reeves et al. 1981).  Research on
phenological development of wild radish in the US is lacking.
An understanding of wild radish phenological development can contribute to making
sound weed management decisions for optimizing time of herbicide application as well as
managing this plant as a “natural” cover crop for vegetable crops such as sweet corn (Zea
mays L.) (Malik et al. 2008b).  The objectives of this research were to evaluate the
influence of time of emergence on phenological development, survival, biomass, and seed
production of wild radish under noncompetitive field conditions in the southeastern US. 
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Materials and Methods
Experiments were conducted at the Clemson University Simpson Research Station in
Pendleton, SC, and at the Calhoun Field Laboratory in Clemson, SC (approximately 15
km from the Pendleton test site).  The soil type was a Cecil sandy loam (clayey, kaolinitic,
thermic Typic Hapludults) at Pendleton and a Riverview loam (fine-loamy, mixed, active
thermic Fluventic Dystrudepts) at Clemson.  Wild radish seeds were collected from a
natural population near Clemson following maturation in the summer of 2004 and 2005. 
Seeds were allowed to air dry at 25 C for approximately 2 wk and then stored at 10 C until
sown.  Seeds were sown at 1- to 2-cm depth at monthly intervals over a 12-month period
beginning October 15, 2004 at Pendleton and beginning October 15, 2005 at Clemson to
provide a range of environments during plant growth and development.  Within each of
four replicate plots for each month, approximately 100 wild radish seeds were sown in a
4-m long row with 1 m between plots.  This was done to ensure that there were sufficient
plants for the phenological measurements.  The plants were thinned to 25 plants soon after
emergence if more than this number of plants emerged.  When thinning, an effort was
made to ensure as close as possible an equidistant spacing between plants.  Irrigation was
provided to minimize plant moisture stress.  Fertilizer was side-dress applied at 78 kg ha-1
N-P-K after plants were at the 6- to 8-leaf stage.  Clethodim at 280 g ai ha-1 was applied as
needed to remove grass weeds from the test site, and broadleaf weeds were removed by
tilling between plots and by hand-hoeing.
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Phenological development was recorded at the developmental stages of emergence,
bolting, initial flowering, silique production, and maturity. These stages were recorded
when 50% of the plants within each plot reached the particular stage.  Additionally, a
tooth pick was placed beside each plant following emergence, and plant survival was
recorded at bolting.  Four plants per plot were harvested at bolting, initial flowering,
silique production, and maturity, oven-dried at 66 C for 2 wks, and dry weights recorded.
When the initial density was less that 25 plants per plot, the number of plants harvested at
each phenological stage was reduced for each replicate.  This allowed biomass production
data to be collected for each phenological development stage.  The plants were harvested
at an equidistant spacing along the 4-m row of plot to minimize intra-specific competition
as the area of influence of each plant increased with growth. 
Four plants were allowed to reach physiological maturity to determine seed production
of each cohort. The plants were covered with nylon mesh bags prior to maturation to
prevent shattering of siliques.  Wild radish siliques are usually divided into four to six
segments.  The plants were harvested following maturation, and siliques were separated
from the plants and divided into individual segments.  Seed production per plant was
calculated on a weight basis by determining the number of seed in a 500-g seed sample for
each emergence date relative to the total weight of harvested seed to determine seed
production per plant.  
The relative importance of temperature (GDD) and photoperiod (XP) on the duration
of developmental phases of wild radish were determined using multiple regression as
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described by Marcellos and Single (1971) and modified by Reeves et al. (1977).  The
phases were emergence to bolting, bolting to flowering, flowering to silique production,
and silique production to maturity.  The duration of each growth phase as a function of
temperature (GDD) and photoperiod was described using the polynomial equation: 
YD = a + b×GDD + c×GDD2 + d×XP + e×XP2 + f×GDD×XP [1]
where, YD is the duration of each growth phase, GDD is air temperature (C), and XP is the
mean photoperiod (h) taken seven days prior to the end of each phase.  Stepwise
regression analysis was performed on each developmental phase.  GDD and XP were
forced into the equation, whether significant or not, whereas only significant higher order
variables (GDD2, XP2, and GDD×XP) were retained if significant at ∝< 0.05. The GDD
was calculated as: 
GDD = [{(Tmax + Tmin)/2}- Tbase] [2]
where, Tmax is the daily maximum temperature, Tmin is the daily minimum temperature,
and Tbase is the base temperature (4.5 C).  Accumulated GDDs, when positive were
calculated for each phenological phase for use in regression analysis.  Air temperatures
were taken from the Clemson University Observatory.  Daily photoperiod for Clemson,
SC was taken from the US Naval Observatory. 
The experimental design was a randomized complete block with four replications. The
relative importance of GDD and photoperiod on duration of each developmental phase
was determined using regression analysis with PROC REG of SAS (Statistical Analysis
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Systems®, version 9.1, SAS Institute Inc., Cary, NC).  Mean values of percentage
survival and biomass and seed production data were compared with ANOVA using
PROC GLM, and means were separated using Fisher’s protected LSD at the 5% level of
significance.
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Results and Discussion
Wild Radish Emergence and Survival   
Seedling emergence occurred for all sowing dates; however, not all seedlings survived
to bolting (Table 2.1). Seedlings that emerged from December through early March had
the highest mortality rates.  Mortality of wild radish seedlings during winter months was
96.5 to 99.3% likely because of winter kill by daily low temperatures.  Average monthly
minimum temperatures during December and March ranged from -0.4 to 4.7 C during
both winters (Figure 2.1); but daily temperatures during those months were as low as -11
C (NCDC-NESDIS 2008).  
Wild radish seedling mortality to bolting following emergence from April through
November was < 0.7% (Table 2.1).  Wild radish emerging in October had bolted by early
December and all these plants had minimum mortality during the winter months. 
Additionally, plants emerging in November formed a rosette with five to six leaves by
early December, which aided survival of these plants during the winter similar to that
reported in Australia (Cheam and Code 1995).  However, plants emerging from December
through March did not produce sufficient biomass to survive the winter months.  Wild
radish plants emerging from April through August completed their life cycle in early
summer or early fall. 
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Effect of Emergence Date on Development
 Seedling emergence of wild radish occurred 2 to 4 wk after each sowing date.  Date
of emergence affected the duration of wild radish growth stages (Figure 2.2).  The data for
duration of growth stages was combined for the two years because effects involving year
were nonsignificant.  The complete life cycle of wild radish plants ranged from a low of
43.5 d (1267 GDDs) following June emergence to a high of 230.5 d (1502 GDDs)
following November emergence. Wild radish in southeastern Australia needed 134 to 317
d to complete its life cycle (Reeves et al. 1981).  Reeves et al. (1981) also reported that
wild radish sown in summer completed its life cycle earlier than ones sown in spring and
fall.  The longer duration of the wild radish life cycle in Australia is because the summer
temperatures do not exceed 26 C, whereas in our study, the summer temperatures were as
high as 34 C.  In the northeastern US, most wild radish emergence occurs in the spring,
with less in the fall and even less in the summer months (Roberts and Boddrell 1983). 
The low emergence of wild radish in the fall in the northeastern US and absence of winter
emergence is probably due to the colder winters, where temperatures less than 0 C are
experienced during the winter.  This would reduce survival of fall and winter emerging
cohorts.  In Australia, where winters are milder, most wild radish emergence occurs in the
fall (Amor 1985; Cheam 1986; Panetta et al. 1988; Piggin et al. 1978).  Amor (1985)
reported that 77% of total seasonal emergence of wild radish occurred in the fall in
Australia, with the remaining 23% emergence in early spring. 
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The stages most affected by emergence date were emergence to bolting and bolting to
flowering.  The duration of these stages was reduced by summer emergence.  The duration
of emergence to bolting ranged from 12 to 118 d (249 to 479 GDDs) and that of bolting to
flowering ranged from 12 to 88.5 d (270 to 373 GDDs).  Wild radish emerging in fall and
spring had a greater duration of preflowering stages than the ones emerging in summer. 
The phase of bolting to flowering was shortest when emergence occurred in May, June,
and July (Figure 2.2).  Conversely, this phase was the longest when emergence occurred
in October.  The duration of the bolting to flowering phase was 12.5 to 14.5 d (267 to 307
GDD) for plants emerging from May through July during both years.  Emergence dates
have also been shown to affect the phenological development of other Brassicaceae plants
such as wild mustard (Sinapis arvensis L.) (Shrestha and Swanton 2007).  Initiation of
flowering occurred sooner in wild mustard when sowing was delayed to late summer
compared to when wild mustard was planted at early spring, shortening the number of
days needed to complete its life cycle.  
Effect of Temperature and Photoperiod on Development
Multiple regression analysis revealed that the preflowering development of wild
radish was predominately dependent on temperature, with photoperiod only interacting
with temperature (GDD x Xp) (Table 2.2).  Conversely, the bolting to flowering phase was
dependent on temperature (GDD) and photoperiod (Xp and Xp2) and their interaction
(GDD x Xp).  The predicted duration of developmental phases as a function of
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temperature and photoperiod from multiple regression analysis accounted for 74% of the
variability in the emergence to bolting phase and 84% of the variability in the bolting to
flowering phase (Table 2.2).  The duration of flowering was dependent on only
photoperiod, with 68% of the variability described by the predicted response.  The post-
flowering phase was dependent on temperature and photoperiod, with the predicted
response describing 92% of the variability in the data.  These results are different from
those reported by Reeves et al. (1981) for wild radish in Australia but are similar to wild
mustard, another member of the Brassicaceae family (Huang et al. 2001).  Reeves et al.
(1981) reported that wild radish emergence to flowering in Australia was solely dependent
on temperature, whereas initial to final flowering was dependent on both temperature and
photoperiod.  For wild mustard, the seedling emergence to initiation of flower primordia
phase was dependent on temperature, whereas initiation of flower primordia to flowering,
flowering to initiation of seed set, and initiation of seed set to final seed set were
dependent on temperature and photoperiod (Huang et al. 2001).
 
Effect of Emergence Date on Biomass and Seed Production
Biomass production
Wild radish emergence date influenced biomass production.  Biomass production data
were combined over the two years because there was no interaction with other factors.
The plants that emerged from December through March had minimal survival.  Hence,
biomass production is shown for emergence dates from April through November. 
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Biomass production was as low as 15 g plant-1 at bolting following July emergence and as
high as 809 g plant-1 at silique production following October emergence (Table 2.3).  Wild
radish emerging in October and November following September and October sowings had
minimal growth during the winter months (December through February, visual
observation).  These plants exhibited robust growth during April and May when air
temperatures were conducive for growth and development.  The average daily maximum
temperatures in April and May both years ranged from 20 to 28 C (Figure 2.1).  The
average daily low temperatures were 7 to 12 C during April and May.  Besides the
October and November emerging plants, those emerging in April and May also exhibited
extensive growth.
Biomass production was generally maximized at the silique production stage, across
all emergence dates (Table 2.3).  Among emergence dates, biomass production at the
silique formation stage was greatest for those plants that emerged in October and
November and matured in spring (April and May).  The lowest biomass at the silique
formation stage occurred in plants emerging in May and June and maturing in mid-
summer.   Reeves et al. (1981) reported that wild radish emerging in early fall in Australia
produced the greatest biomass.  In the present study, plants emerging in fall (October and
November) accumulated more biomass compared to ones emerging in late spring or
summer (April and September).  Similarly, in Australia, wild radish that emerged in the
fall with canola (Brassica napus L.) produced more biomass than plants that emerged in
the spring (Blackshaw et al. 2002).
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Wild radish emerging in the fall and spring had greater biomass at the end of each
stage than plants emerging in the summer, which was partially due to the increase in
length of life cycle. The time of emergence and biomass production were correlated (r =
0.70, data not shown). Wild radish emerging in June and July had a shorter duration
(days) of most developmental phases (Figure 2.2), which ultimately resulted in lower
biomass production (Table 2.3).  The warm conditions during the summer months
contributed to overall lower biomass production relative to other emergence dates because
air temperatures were higher than the optimum for wild radish growth. 
Seed production
Wild radish seed production was affected by date of emergence (P < 0.0001).  All wild
radish plants that reached the bolting stage produced seeds.  Wild radish plants emerging
in fall (October and November) and early spring (April) had greater seed production than
the ones emerging in summer (June and July).  Similar to biomass production, the plants
that emerged from December through March had minimal survival.  Hence, seed
production data are shown for emergence dates from April through November.  Biomass
and seed production were highly correlated (r = 0.98, data not shown).  Seed production
varied from a low of 1,472 seeds plant-1 produced from plants emerging in July to a high
of 10,173 seeds plant-1 from plants emerging in November (Figure 2.3).  Similarly, plants
emerging in April and October had greater seed production (7,791 to 8,290 seeds plant-1)
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compared to ones emerging in May, August, and September (4,375 to 5,006 seeds plant-1)
(Figure 2.3). 
Wild radish sown at seven different dates along with wheat from late fall to early spring
in Australia had greater seed production from late fall sowing, producing 788 seeds plant-1
(Cheam 1986).  Wild radish that emerged in the summer in Australia had an average viable
seed production of only 7 seeds plant-1.  The higher per plant seed production observed in
the present studies results from several factors, including absence of intra- and inter-
specific interference, and use of irrigation which resulted in an optimum environment for
maximum growth and seed production when air and soil temperature were conducive.  In
South Carolina, wild radish is able to emerge in all months and produces seeds when
emergence occurs from April through November.  In areas where winters are milder, it is
probable that wild radish can emerge in December through February and survive to produce
seeds.
Overall, these studies indicate that wild radish is capable of emerging throughout the
year in South Carolina, but seedlings emerging from December through early March may
not survive the winter months.  Once plants form a rosette and reach the five- to six-leaf
stage, survival to maturity is almost certain when rainfall or irrigation provides adequate
soil moisture.  Wild radish emerging in spring and fall months had more biomass
accumulation and seed production compared to ones emerging in late spring and summer. 
Hence, wild radish that emerges in spring and fall months should be controlled because it
can cause severe interference with growth and yield of crops.  Plants emerging later in the
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season also produce seeds; hence, if not controlled, these plants may cause replenishment
of the soil seed bank. 
Wild radish exhibits a high amount of plasticity based on its ability to emerge and
survive in a wide array of environments. Control measures for this weed should be adopted
prior to planting wheat in November, the peak wild radish emergence period.  Wild radish
plants that emerge in the spring can also interfere with growth of wheat, but this
interference will be less than for plants that emerge in the fall.  In crops planted in the
spring such as corn, wild radish emergence in the spring can be extremely important when
making early-season weed management decisions to ensure the crop establishment and a
competitive advantage for the crop.    
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Table 2.1.  Effect of date of emergence on percentage mortality of wild radish averaged
over two experiments.
Emergence Date a Plant Mortality (%)b
January 96.5 b
February 99.3 a
March 96.8 b
April 1.5 cd
May 0.7 d
June 0 d
July 0 d
August 0 d
September 0 d
October 0 d
November 3 c
December 98.7 ab
a Seeds sown on 15th of the previous month.
 b Percentage mortality of 25 emerged wild radish plants evaluated at the 
bolting stage of wild radish. Values are averages of 4 plots in each
of two experiments.  Mortality means within a column followed by
the same letter are not significantly different based on Fisher’s
protected LSD at ∝=0.05.  
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Table 2.2.  Multiple regression coefficients (±SE) for the relationship of duration of
developmental phases of wild radish to temperature (GDD) and photoperiod (XP).a
Regression coefficientsc
Stageb Constant GDD XP XP2 GDD×XP R2
Em-Bol -315.3 (±151.5) 1.4 (±0.4) 24.02 (±11.7)d           -0.1 (±0.04) 0.74
Bol-Fl 1909.9 (±446.3) -2.0 (±0.8) -235.9 (±28.0) 7.06 (±2.4) 0.15 (±0.06) 0.84
Fl-Sil 59.5 (±14.4) 0.02 (±0.02)d -3.5 (±1.2)                    0.68
Sil-Mat 962.6 (±83.3) -2.01 (±0.2) -71.01 (±6.5)         0.15 (±0.02) 0.92
    a GDD and XP were forced into the equation, whether significant or not, whereas only
significant higher order variables (GDD2, XP2, and GDD×XP) were retained if significant at
∝< 0.05. 
     b Growth stages of wild radish where phenological measurements were recorded included
Em-Bol (emergence to bolting), Bol-Fl (bolting to flowering), Fl-Sil (flowering to silique
production), and Sil-Mat (silique production to maturity).
     c Regression coefficients for multiple regression equation included GDD (Temperature), 
XP (Photoperiod), XP2 (Photoperiod2), and GDD×XP (Temperature×Photoperiod). The
GDD2 coefficients are not shown because all were nonsignificant.
    d These coefficients were nonsignificant.
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Table 2.3.  Effect of date of emergence on biomass accumulation at different
developmental stages of wild radish averaged over two experiments.
Developmental Stage
Emergence Datea Boltingb Flowering Silique Production Maturity
                                                      g plant-1                                           
April 75 ab 159 ab 552 b 235 b
May 38 cd 84 c 140 cd 128 c
June 27 cd 28 d 129 d 112 c
July 15 d 24 d 143 cd 71 c
August 53 bc 163 ab 261 cd 118 c
September 54 bc 160 ab 307 c 247 b
October 71 ab 189 a 809 a 386 a
November 94 a 135 b 713 ab 359 a
     a Time of emergence date was the month when wild radish plants emerged following
monthly sowings.
     b Biomass production means within a column followed by same letter are not
significantly different based on Fisher’s protected LSD at ∝=0.05 based on four
replication in each of two experiments.
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2004 2005 2006 2007
Figure 2.1.  Monthly minimum (square) and maximum (triangle) temperatures at the
Clemson University Observatory from October 2004 to May 2007.
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Figure 2.2.  Influence of wild radish emergence date on duration of developmental phases
of wild radish; emergence to bolting (white bar with downward tilted diagonal lines),
bolting to flowering (grey bar), flowering to silique production (white bar with
upward tilted diagonal lines), silique production to maturity (white bar with horizontal
lines), and total life cycle (white bar with dots). Mortality of plants that emerged from
December through March prevented assessment of these cohorts.  Bars are average of
four replications in each of two experiments. 
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Figure 2.3. Seed production in wild radish as influenced by emergence dates.  Means with
the same letter among the vertical bars are not significantly different based on
Fisher’s protected LSD at ∝ = 0.05. Means are averages of four replicates in each of
two experiments. 
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CHAPTER 3
TEMPERATURE AND LIGHT REQUIREMENTS FOR WILD RADISH (Raphanus
raphanistrum) GERMINATION OVER A 12-MONTH PERIOD FOLLOWING
MATURATION
Abstract
Experiments were conducted during 2005/2006 and 2006/2007 to evaluate wild
radish germination requirements over a 12-mo period beginning in July.  Germination
was influenced by time of year, thermal amplitude, and burial depth.  Freshly harvested
seeds of wild radish (July) had no more than 18% germination whereas seeds allowed to
after-ripen in the field for 3 to 6 mo (October to January) had up to 40% germination. 
The germination of wild radish retrieved from the soil surface was 1.2 to 1.5 times greater
at fluctuating temperatures compared to constant temperatures at 0, 3, and 6 mo after
maturation.  Seeds buried at a 10-cm depth had greater germination at 3 mo after maturity
compared to seeds collected from soil surface.  Germination of seeds collected from the
soil surface at later retrieval dates was greater than those that were buried. The light
requirement for germination also varied by time of year with no differences in
germination between light and dark conditions for freshly harvested seeds.  Far-red light
inhibited germination of wild radish at 6 mo after retrieval from soil, indicating that wild
radish may become sensitive to light following a 6-mo after-ripening period.  The
knowledge of germination requirements of wild radish will help us know the favorable
conditions for germination and emergence and better manage it as a weed.
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Introduction
Survival of weeds is influenced by the ability of seeds to germinate in response to
environmental conditions favorable for growth and subsequent maturation (Baskin and
Baskin 1989).   Some factors that influence germination of nondormant seeds include
temperature (constant and fluctuating), light, moisture, oxygen, and burial depth. 
Temperature is most important for germination of weed seeds because of its interactions
with other factors such as light, nitrates, phytochromes, and burial depth (Probert et al.
1986; Thomson et al. 1977; Williams 1983).  Diurnal temperature fluctuations are also
important for germination but diminishes with depth with the highest temperature
fluctuations being present on the soil surface (Thomson and Grime 1983).  The exact
conditions for weed seed germination vary among species. 
 Knowledge of germination requirements of wild radish throughout the year is
essential to make critical weed management decisions.  Wild radish seeds have been
shown to have the greatest emergence at depth of 1 cm (10 to 30%) with a progressive
decline with increases in burial depth from 1 to 10 cm in the field (Cheam 1986).  Seeds
that do not germinate at deeper depths are still viable, and shallow cultivation may
prevent seeds from moving to a germinable depth in soil (Cheam and Code 1995).  Seeds
incorporated into the soil by natural or artificial means are usually dormant or soon
become dormant following burial (Staricka et al. 1990).  Similarly, 70% of wild radish
seeds are dormant at the time of maturity, and the dormancy is suggested to be due to the
thick silique surrounding the seed (Cheam 1986).  It was suggested that a non-leachable
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chemical inhibitor in the silique may be responsible for dormancy (Mekenian and
Williamson 1975).  Young and Cousens (1998) later reported that dormancy in wild
radish is not due to the silique.
Wild radish matures from June to August in the southeastern US, and seeds shatter to
the soil as whole siliques (Malik, personal observation).  During the winter months,
frequent freezing and thawing causes fracturing of siliques, with approximately 10% of
siliques releasing seeds prior to spring (Mekenian and Willemsen 1975).  Wild radish
dormancy changes with time and conditions during after-ripening.  Seeds stored on bare
soil for 2 mo have higher germination than ones stored under vegetation (Cheam 1986),
and seed viability rapidly declined with storage as evident by 43% viability at 6 mo after
maturation and only 5% after 24 mo (Reeves et al. 1981). 
Wild radish has the ability to germinate over a wide range of temperatures.  In the
northeastern US, wild radish has maximum germination at a 20/30 C temperature
fluctuation (Mekenian and Willemsen 1975).  Germination also differs between seeds that
have been separated from siliques and ones that have intact siliques.  Seeds removed from
siliques had 67% germination in light and 23% in dark at 20/30 C compared with seeds
enclosed in siliques where germination did not exceed 4% (Mekenian and Willemsen
1975). 
The effect of temperature on wild radish germination in the southeastern US is not
known.  It is known that wild radish behaves as a facultative winter annual, emerging in
both fall and spring (Malik et al. 2007).  In the northeastern US, wild radish does not
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overwinter; thus, it behaves as a summer annual (Mekenian and Willemsen 1975). 
Knowledge of the effect of constant and fluctuating temperatures on wild radish
germination can help understand its emergence pattern and its management in different
cropping systems.
 Dormancy status influences the germination of seeds in light and dark.  Nondormant
seeds of some species germinate more under light than dark conditions (Baskin and
Baskin 1988).  The light requirement of seeds of some species also changes during the
dormancy-breaking period associated with seasonal temperature changes (Baskin and
Baskin 1998).
Light is perceived by plants by non-photosynthetic pigments called photoreceptors
such as phytochromes, which induce photomorphogenic responses (Ballare and Casal
2000).  Phytochromes exist in two photoconvertible forms Pr (inactive form) and Pfr
(active form), which forms radiation peaks in red (R) and far-red (FR) regions of the light
spectrum (Botto et al. 1998).  Irradiation with R light can convert the Pr form of
phytochrome to the Pfr form while FR light converts the Pfr form to the Pr form.  Seed
germination can be promoted by a low-fluence response or very-low fluence response
(Botto et al. 1998). Burial of seeds in the soil by cultivation and subsequent brief
exposure to sunlight can induce germination as a result of a low-fluence or very-low
fluence response (Scopel et al. 1994).  
Wild radish seeds stored for a period of six months showed maximum germination
in the dark at alternating temperatures (Mekenian and Willemsen 1975).  Similarly,
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leaching (8, 16, and 24 hr) and stratification at 4 C for 3 wk improved germination
(Mekenian and Willemsen 1975).  There has been no published data on effects of R and
FR light on wild radish germination.  Varying ratios of R and FR light were shown to
enhance as well as inhibit germination of some species (Baskin and Baskin 1998).  
Wild radish exists in most crop fields throughout the southeastern US.  Knowledge
of temperature and light requirements for wild radish germination are essential to make
informed management decisions when using wild radish as a cover crop or for removal of
wild radish when it is considered a weed.  The objectives of this study were to determine
temperature and light requirements for wild radish germination from seeds on the soil
surface or buried over a 12-mo period following maturation.  
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Materials and Methods
Experiments were conducted at the Clemson University Simpson Research Station,
near Pendleton, SC during 2005/2006 and 2006/2007.  Wild radish seeds for the
experiments were collected from a population of wild radish near the test site in June
2005 and 2006.  The collected seeds were air dried at room temperature for 7 d before
germination tests were conducted.  The dried siliques were divided into individual
segments.  To determine the effect of after-ripening and burial on wild radish
germination, nylon mesh bags, each containing approximately 4000 seeds enclosed in
siliques were placed on the soil surface and at a 10-cm depth.  Weather data for
2005/2006 and 2006/2007 were obtained from the Clemson University Observatory and
are shown in Figure 3.1.  The bags were placed in polyvinylchloride (PVC) pipes
measuring 50 cm in diameter and 30 cm in length.  The pipes were covered with wire
mesh to prevent the predation of seeds by animals. The PVC pipes were buried at a depth
of 15 cm in the field.   The bags of seeds were collected for germination and viability
tests that were conducted at 0, 3, 6, 9, and 12 mo after placement on the soil surface.  The
buried seeds were retrieved 3, 6, 9, and 12 mo after burial.  The buried seeds were
retrieved in the night using a green light, which was made by covering a flashlight with
blue and yellow filters (Blue filter, Roscolux No. 64; yellow filter, Roscolux No. 10,
Rosco, Port Chester, NY 10573).  After retrieving the buried seeds, they were wrapped in
aluminium foil to prevent exposure to light.  After bringing the seeds to the laboratory,
they were prepared for conducting germination tests.  Two types of seeds were used in
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each experiment: 1) seeds were left enclosed in the siliques and 2) seeds were removed
from siliques by placing them between two layers of brown paper and moving a rolling
pin over them.  Seeds that appeared to be damaged during removal of siliques were
discarded. 
Seeds were sterilized with 0.5% sodium hypochloride (bleach) solution for 5 min. 
After triple rinsing with sterile water, seeds were placed on filter paper in petri dishes and
then covered with filter paper.  A 5% solution of Captan (Captan 4-L fungicide, Drexel
Chemical Company, P.O. Box 13327, Memphis, TN 38113-0327) was added to prevent
fungal growth.  Petri dishes were then placed in incubators maintained at constant
temperatures of 0, 5, 10, 15, 20, 25, and 30 C or 12 h fluctuating temperatures of 2.5/17.5,
7.5/22.5, 12.5/27.5, 17.5/32.5, and 22.5/37.5 C.  Fluctuating temperatures were based on 
± 7.5 C around the constant temperatures of 10, 15, 20, 25, and 30 C.  After two weeks,
germinated seeds were counted. The viability of non-germinated seeds were tested by
cutting seeds in half and adding 1% wt/v 2,3,5-tetrazolium chloride solution (ISTA
1985).
The light requirement for germination was evaluated using R and FR light. Petri
dishes containing 50 seeds were irradiated with R (15 min), FR(15 min), R (15 min)
followed by FR (15 min), and FR (15 min) followed by R light (15 min).  The light
sources were as described by Rajapakse et al. (1993).  A dark treatment was included
with no light exposure.  All petri dishes were covered with aluminium foil after light
treatments to prevent exposure to natural light.  Petri dishes were placed in an incubator
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maintained at 15 C for 14 d and then germination was evaluated.  The non-germinated
seeds were subjected to viability tests as previously described.  
Experiments were conducted in 2005/2006 and repeated in 2006/2007, with three
replicates of each light and temperature condition.  The experimental design for both light
and temperature experiments was a split-split plot design with burial as the main plot,
retrieval date as the subplot factor, and mean temperature or light treatment, silique
removal, and thermal amplitude as sub-subplot factors.  Germination data were expressed
as percentage of viable seeds.  Germination data were arc-sine, square-root transformed
prior to analysis.  ANOVA was conducted using PROC GLM in SAS (Statistical
Analysis Systems®, version 9.1, SAS Institute Inc., Cary, NC) to determine all possible
two-way interactions among factors and main effects.  All means were separated using
Fisher’s Protected LSD at the 5% level of significance.  
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Results and Discussion
Response to Constant and Fluctuating Temperatures   
Year did not have a significant effect on wild radish germination response to
temperature; hence, data were combined over the two years.  There were differences in
germination between seeds from intact and removed siliques for some retrieval dates,
which caused the main effect of silique presence to be significant (Table 3.1).  Averaged
across temperature, amplitude, burial, and month of retrieval, the germination percentage
of seeds from intact and removed siliques was 9.8 and 11.9%, respectively (data not
shown).
The main effect of month of retrieval (time of year) had a significant impact on wild
radish germination as well as the interaction of temperature and month of retrieval. 
Freshly harvested seeds of wild radish following maturation in July had lower
germination than ones retrieved 3 and 6 mo following placement on the soil surface or at
a 10-cm depth (Figure 3.2).  Seeds of wild radish exhibited a high level of dormancy
immediately following maturation in July.  In July, germination at constant temperatures
of 10 and 15 C was 9 to 18%, which was 3 to 5 times greater than at temperatures of 0, 5,
20, 25, and 30 C (Table 3.2).  Similarly, germination at fluctuating temperatures of
2.5/17.5 (10 C) and 7.5/22.5 (15 C) was 10 and 12%, respectively, which was 2 to 6 times
greater than germination at 12.5/27.5 (20 C), 17.5/32.5 (25 C), and 22.5/37.5 (30 C)
(Figure 3.3).  Temperatures common in July at the test site are not conducive to a high
percentage of wild radish germination (Figure 3.1).  
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Germination of freshly harvested seeds of wild radish collected in New Jersey ranged
from 5 to 25% at fluctuating temperatures of 5/15, 10/20, 15/25, and 20/30 C (Mekenian
and Willemsen 1975).  In studies of germination requirements of other winter annuals, 
recently matured seeds of the winter annuals Draba verna, Thlaspi perfoliata,
Arabidopsis thaliana, Capsella bursa-pastoris, and Holosteum umbellatum were dormant
and would not germinate at any temperature, while germination of Cardamine hirsuta
was no more than 2% at fluctuating temperatures of 10/20 C (Baskin and Baskin 1986). 
These results show that freshly harvested seeds of wild radish exhibit dormancy,
explaining the low levels of germination in July, matching closely with emergence in the
field (Malik et al. 2007).   
Wild radish germination increased in October (3 mo after maturation), similar to
increases in emergence in the field in the fall (Malik et al. 2007).  Germination at constant
temperatures of 5 to 20 C was 14 to 35%, which was higher than the 3% observed at 0 C
and 6 to 9% at 25 to 30 C (Figure 3.2).  Wild radish germination at fluctuating
temperatures of 2.5/17.5 (10 C), 7.5/22.5 (15 C), and 12.5/27.5 (20 C) ranged from 21 to
40% but only 6 to 9% at 17.5/32.5 (25 C) and 22.5/37.5 (30 C) (Figure 3.3).  During the
fall months, wild radish dormancy decreases, allowing seeds to germinate over a broader
range of temperatures.  This is true for most winter annuals in that high summer
temperatures decrease seed dormancy (Baskin and Baskin 1998). 
Overall, germination of wild radish seeds across all temperatures declined in
January, 6 mo after maturation.  Germination at constant temperatures ranged from 3 to
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28%, whereas the germination at fluctuating temperatures ranged from 3 to 26% (Figures
3.2 and 3.3).   There were minimal differences in germination at either constant and
fluctuating temperatures.  This decline in germination is likely a result of secondary
dormancy.  Germination first declines at higher temperatures and then at lower
temperatures (Baskin and Baskin 1998).  Mekenian and Willemsen (1975) also reported
that wild radish germination began to decline at 6 mo after maturation.  
A further decline in germination of wild radish seeds retrieved from the soil surface
occurred in April and July (9 mo and 12 mo after maturation).  Germination averaged
over all temperatures was 5% in April (Figures 3.2 and 3.3).   Seed germination was even
less responsive to the evaluated temperatures in July, indicating further dormancy
induction. 
Overall, the main effect of seed burial on wild radish germination was significant.
The burial depth by temperature and burial depth by month interactions were also
significant (Table 3.1).  Buried seeds of wild radish retrieved in October, 3 mo after
burial, had 13 to 50% germination at constant temperatures of 5, 10, 15, and 20 C,
whereas the germination at fluctuating temperatures of 10 ± 7.5, 15 ± 7.5, and 20 ± 7.5
ranged from 32 to 53% (Figures 3.2 and 3.3).  The germination was 1.5 to 2 times greater
in buried seeds than those retrieved from the soil surface in October.  The temperature at
the soil surface during the summer months is higher than at a 10-cm depth, meaning that
buried seeds experience lower and more favourable conditions, resulting in less dormancy
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in buried seeds.  Similarly, wild radish seeds in Australia buried in soil for 3 mo had 57%
germination compared to 4% for seeds retrieved from the soil surface (Cheam 1986). 
Seeds retrieved from soil following burial for 6 mo had decreased germination
compared to the buried seeds retrieved at 3 mo after burial. The germination of seeds
retrieved from the soil surface was 1.2 to 6 times higher compared to buried seeds.  Seeds
of field pennycress (Thlaspi arvense L.), a member of Brassicaceae family and a winter
annual, buried 7 cm deep for 6 mo had lower germination than ones retrieved 2 mo after
burial (Baskin and Baskin 1989).  Buried seeds of bladder pod [Lesquerella fendleri
(Gray) S.], another Brassicaceae winter annual also entered secondary dormancy when
buried in soil for 6 to 8 months, germinating no more than 7% (Hyatt et al. 1999).  
Germination of buried seeds continued to decline in seeds retrieved at 9 and 12 mo
after burial.  The germination for buried seeds may have declined due to the low winter
temperatures inducing secondary dormancy.  The onset of secondary dormancy in winter
annuals following exposure to low winter temperatures has been reported in other winter
annuals including field pennycress, Arabidopsis thaliana, bladder pod, and ivyleaf
speedwell (Baskin and Baskin 1989; Derkx and Karssen 1994; Hyatt et al. 1999; Mennan
and Zandstra 2006). 
The silique did not appear to influence the dormancy of wild radish.  Studies on wild
radish seed dormancy have reported that enclosure of seeds by the silique provides a
physical barrier and its release of chemical inhibitors further induce dormancy (Cheam
1986; Meknian and Willemsen 1975).   Conversely, Young and Cousens (1998) attributed
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dormancy to the seed coat.  In our experiments, when seeds were removed from the
silique, extreme effort was made to use undamaged seeds in germination tests.  Visually,
the seed coat did not appear to be damaged.   Additional studies are needed to determine
the effect of seed coat removal on germination.  The seed coat also needs to be assayed
for chemical inhibitors associated with dormancy. 
Response to Light
The effect of light treatment on germination of wild radish was the same for
2005/2006 and 2006/2007.   Presence and absence of the silique did not interact with the
light treatments.  Month of retrieval had a significant effect on the germination of wild
radish (Table 3.2).  The interaction of month of retrieval and light was significant,
suggesting that the light requirement for germination of wild radish changed with time of
retrieval.  Freshly harvested seeds of wild radish did not vary in germination following
FR light, R followed by FR light, and dark treatment (Figure 3.4).  R light slightly
stimulated wild radish germination, suggesting a phytochrome effect.  The germination of
freshly harvested wild radish seeds treated with R light and FR followed by R light were
12% compared to 6% when the last exposure was FR light. 
The germination of wild radish increased following 3 mo on the soil surface (October),
with germination ranging from 24 to 28% (Figure 3.4).  No differences were observed
among light treatments in October.  Mekenian and Willemsen (1975) reported minimal
effects of light and dark treatments during the first six months of storage.  The high
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summer temperatures caused dormancy reduction in wild radish, which is characteristic
of winter annual species.  October coincides with increased emergence of wild radish in
the southeastern United States, as temperatures are favourable for germination and R or
FR light had no effect on the germination. 
Seeds retrieved from the soil surface 6 mo after maturation showed few differences
and did not require R light exposure for germination.  There were no differences in
germination percentage of seeds preexposed to R or FR light compared to ones
germinated solely in the dark (Figure 3.4).  FR and R followed by FR light reduced the
germination of seeds from 35% in the dark to 26% following FR light.  Mekenian and
Willemsen (1975) reported that wild radish seeds germinated in dark and light equally
well after 6 mo of after-ripening.  The light treatment in their study was natural light, not
R and FR light. 
The seeds retrieved from the soil surface at 9 and 12 mo after maturation (April and
July) had decreased germination when the last exposure was FR light (Figure 3.4).   The
FR light treatment inhibited germination of wild radish, reducing it to an average of  3%
compared to 11% in dark, R, and FR followed by R light treatments.  A wheat crop in the
field during April develops a dense canopy, which would reduce wild radish germination
due to a decrease in the R:FR ratio of seed at or near the soil surface, consistent with field
observations (Malik, personal observation). Similarly, seeds retrieved after 12 months on
the soil surface had increased germination in R light treatments and decreased
germination in FR light treatments, indicating a phytochrome regulated effect (Ballare
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and Cassal  2000).  Decreased germination due to reduction in R:FR ratio under a wheat
canopy has also been reported for other Brassicaceae weeds such as field mustard
(Brassica campestris L.) (Batlla et al. 2000).
The burial depth by light treatment interaction was significant, indicating that the
germination response to light treatments differed by burial depth.  Seeds retrieved from a
10-cm depth following 3 months of burial (October) did not differ in germination, except
in the FR followed by R light treatment, which had increased germination compared to
dark, FR, and R followed by FR light (Figure 3.4).  The planting of wheat takes place
during this time and buried seeds may be brought to the surface following the tillage
operation, which may increase the germination of seeds because conditions are then
favourable for germination. 
Seeds exposed to any light treatment at 6 mo after maturation had greater
germination than seeds not pre-exposed to light (Figure 3.4).  Germination without pre-
exposure to light was 17% compared to 27% following R light and 26% following FR
followed by R light.  The FR light and R followed by FR light resulted in intermediate
levels of germination.  The germination levels of wild radish seeds continued to decrease
in samples retrieved from the soil 9 and 12 mo following burial.  The highest levels of
germination occurred in seed treated with R or FR followed by R light.  FR light
continued to inhibit germination (Figure 3.4).   Hence, wild radish plants exhibit a
phytochrome-mediated light response with the surface lying seeds or the seeds brought to
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soil surface by tillage during fall showing increased germination over seeds exposed to
FR light.  
Understanding the germination requirement and dormancy patterns of wild radish
can help explain emergence patterns, allowing control measures to be employed in a
timely manner. The overall results indicate that the temperature and light requirements for
wild radish change with time of year.  Freshly harvested seeds of wild radish exhibit
dormancy immediately after maturation, and undergo annual cyclic changes in dormancy,
with optimum germination at 5 to 15 C.  These temperatures are common in the fall and
late spring in the southeastern United States. The seeds exposed to the after-ripening
period may become non-dormant during fall, improving germination as observed during
October following a 3-mo period of after-ripening. Also the temperatures during fall are
conducive for germination of wild radish.  Hence, most wild radish emergence occurs in
the fall when the aforementioned temperatures are common at this site (Malik et al.
2007).  Maximum germination and emergence takes place in the fall because seed
shattering occurs during the summer months, with the nondormant fraction of seed first
experiencing conditions favourable for germination in the fall.
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Table 3.1. Two-way ANOVA showing the main effects and interactions of retrieval date
(month of retrieval), temperature, temperature amplitude (constant and fluctuating), burial
depth (surface and 10-cm), and shelling (seeds enclosed in siliques and seeds with
surrounding siliques) on percent germination of wild radish retrieved from plots at
Pendleton, SC averaged over 2005/2006 and 2006/2007.
Source of variation dfa Significance
Month (M) 4 < 0.0001
Temperature (T) 6 < 0.0001
Burial (B) 1 < 0.0001
Amplitude (A) 1 < 0.0001
Shell (S) 1 0.0016
M x T 24 < 0.0001
A x T 6  0.0004
A x M 4 < 0.0001
A x S 1 NS
T x S 6 NS
S x M 4 NS
Bb x T 6 < 0.0001
B x M 4 < 0.0001
B x A 1 < 0.0001
B x S 1 NS
     a df is degree of freedom
     b Interactions involving burial depth involved only the months when seeds were
retrieved from the soil surface and those placed at 10-cm depth.
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Table 3.2: Two way ANOVA showing the main effects and interactions of retrieval date
(month of retrieval), light (red and far-red), burial depth (surface and 10-cm), and shelling
(seeds enclosed in silique and seeds with no surrounding siliques) on percent germination
of wild radish from Pendleton, SC  averaged over 2005/2006 and 2006/2007 .
   
Source of variation df Significance
Month (M) 4 < 0.0001
Light (L) 4 < 0.0001
Burial (B) 1    0.0004
Shell (S) 1 < 0.0001
M x L 16  < 0.0001
M x B 4 < 0.0001
M x S 4 < 0.0001
L x B 4    0.004
L x S 4    NS
B x S 1  < 0.0001
adf is degree of freedom
bInteractions involving burial depth involved only the months when seeds were retrieved
from the soil surface and those placed at 10-cm depth
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Figure 3.1  Monthly minimum (square) and maximum (black) air temperatures (C) at the
Clemson University Observatory from July 2005 to July 2007.
2005 2006 2007
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Figure 3.2:  Percent germination of wild radish in response to constant temperature after maturation in July averaged over years
2005/2006 and 2007/2008 at Pendleton, SC.  The seeds were also buried at 10-cm depth following their harvest in July;
therefore July evaluation during both years included only the seeds collected from soil surface. Symbol B-Buried
Figure 3.3:  Percent germination of wild radish in response to fluctuating temperatures (±7.5 C)  after maturation averaged over
years in July 2005/2006 and 2007/2008 at Pendleton, SC .  The seeds were buried at 10-cm depth following their
harvest in July; therefore July evaluation during both years included only the seeds collected from soil surface Symbol
B-Buried
Figure 3.4:  Percent germination of wild radish in response to light environment after maturation in July averaged over years
2005/2006 and 2007/2008 at Pendleton, SC.  The seeds were also buried at 10-cm depth following their harvest in July;
therefore July evaluation during both years included only the seeds collected from soil surface. Symbols R-Red Light,
FR-Far-red light, R:FR- Red followed by Far-red, FR:R- Far-red followed by Red light, B-Buried.
CHAPTER 4
GLUCOSINOLATE PROFILE VARIATION AMONG GROWTH STAGES OF WILD
RADISH (Raphanus raphanistrum)
Abstract
Wild radish (Raphanus raphanistrum L.), a Brassicaceae, produces glucosinolates
(GSL) which are important in the use of wild radish as an allelopathic plant for weed
management.  Experiments were conducted at Clemson, SC to quantify GSL
concentrations in different plant parts at different developmental stages of wild radish,
ranging from cotyledon to silique formation.  Five GSLs - glucoerucin, glucotropaeolin,
glucoraphenin, glucobrassicin, and gluconasturtin were present in plant parts ranging
from cotyledon to flowering stage.  Glucoerucin, glucoraphenin, and glucotropaeolin
comprised greater than 90% of the total GSLs accumulated.  Of these, glucoerucin and
glucotropaeolin are degraded to isothiocyanates which have herbicidal properties.  At the
silique stage, three additional GSLs, glucoiberin, glucoraphanin, and glucosinalbin, were
detected.  The highest concentration of total GSLs was in flowers at flowering stage
followed by primary branches at flowering, cotyledons, and secondary branches at 50%
silique formation stage. The GSL concentration at the cotyledon stage was higher than
either the 6- to 8-leaf or bolting stage; but, total GSL concentration at the cotyledon stage
based on the total biomass was much less than at other growth stages. The total GSL
concentration on a biomass basis was highest at the flowering stage followed by the
silique stage.  Based on this information, when using wild radish as a cover crop for
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possible weed management, incorporating the plant materials into soil at the 50%
flowering stage will provide the highest concentration of GSLs.
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Introduction
Glucosinolates (GSLs) are sulfur-containing secondary metabolites found in
Brassicaceae plants whose degradation is known to have biological activity (Chew 1988). 
Approximately 120 different GSLs have been identified in sixteen families of
dicotyledonous angiosperms including edible species such as Cruciferae (Fahey et al.
2001).  Variation in GSLs is due to the R side chain (Mithen 2001).  In Brassicas, the
most extensively produced GSLs are aliphatic (e.g. glucoraphenin, glucoerucin,
glucocheirolin, glucosinigrin), ω-methylthioalkyl (e.g. glucobenzosisymbrin,
glucomalcomiin),  aromatic (e.g. glucotropaeolin, glucobarbarin, glucosinalbin), and
heterocyclic or indole (e.g. glucobrassicin, neoglucobrassicin, 4-methoxyglucobrassicin)
containing either straight or branched chain carbons (Fahey et al. 2001). 
The primary biological activity of GSLs take place after hydrolysis to isothiocyanates
(ITCs) (Chew 1988; Fenwick et al. 1983), which are toxic to many organisms.  GSLs are
hydrolyzed by myrosinase (thioglucoside glucohydrolase) in the presence of water to
yield glucose and an unstable aglucone, which undergoes Lossen rearrangement to form
ITCs as a major product (Brown and Morra 1997).  Other breakdown products involve
nitriles, thiocyanates, and oxaolidinethiones depending on plant species, pH, and side
chain substitution  (Bones and Rossiter 1996).  ITCs are volatile and highly unstable in
soils.  Maximum levels of ITCs were observed 30 h after tissue incorporation and levels
dropped approximately 75% with 72 h (Gardiner et al. 1999).   Levels after 72 h (3 nmol
g-1) , however, remained relatively stable through 20 d  (Gardiner et al. 1999).  The release
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of ITCs may vary according to soil temperature,  moisture and amount of glucosinolate
released by plant tissue (Morra and Kirkegaard 2002).  
ITCs play a significant role in weed suppression, and in addition have herbicidal,
nematicidal, fungicidal, and insecticidal activity (Borek et al. 1998; Peterson et al. 2001;
Smolinska et al. 1997).   ITCs have been shown to inhibit seed germination.  For
example, benzyl ITC found in papaya (Carica papaya L.) inhibited velvetleaf (Abutilon
theophrasti Medik.) germination (Wolf et al. 1984).  Metham, a synthetically produced
fumigant produces methyl-ITC, which partially inhibited germination of large crabgrass
(Digitaria sanguinalis (L.) Scop.) seeds at 1.0 and 2.0 mM, while concentrations of 4.0
mM and greater resulted in complete seed germination inhibition (Teasdale and
Taylorson 1986).  Similarly, n-butyl and 2-phenethyl ITCs when incorporated into soil
inhibited the germination of smooth pigweed (Amaranthus hybridus L.) (Peterson et al.
2001).  It has been suggested that ITCs interaction with enzymes responsible for
glycolysis and respiration resulting in the inhibition of weed seed germination (Drobnica
et al. 1977). 
GSLs have been found in Brassicaceae crops and vary considerably among species
(Kirkegaard and Sarwar 1998).  Arabidopsis (Arabidopsis thaliana (L.) Heynh.) was
shown to have 22 GSLs (Kliebenstein 2001).  Dormant and germinating seeds had the
highest GSL concentration (63 µmol g-1), and rosette leaves had the lowest (7.4 µmol g-1)
(Brown et al. 2003).  Another comparison study of GSL profiles of Arabidopsis thaliana
mature seeds with cotyledons found that 70% of GSLs were retained in the cotyledons
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(Peterson et al. 2002).  This study also showed that a majority of the GSLs were retained
in the cotyledons when seeds were treated with radiolabeled p-hydroxybenzyl GSL. 
Wild radish, a Brassicaceae, is a facultative winter annual broadleaf that emerges
throughout the year in the southeastern United States (Schroeder 1989), with major
emergence periods during fall and spring months (Malik et al. 2007), and produces GSLs,
which hydrolyze to form ITCs.  Tuber production by yellow nutsedge (Cyperus
esculentus L.) plants competing with tomatoes or bell pepper declined 88% when soil was
amended with wild radish due to ITC production following GSL hydrolysis (Norsworthy
and Meehan 2005).  Incorporating wild radish biomass into soil at flowering along with
half the recommended rates of atrazine and S-metolachlor resulted in season-long weed
control of Florida pusley (Richardia scabra L.) and large crabgrass in sweet corn (Zea
mays L.) (Malik et al. 2008). 
GSLs accumulate in roots, shoots, leaves, and flowers of some plants, but their
longevity and concentration in plant organs as wild radish plants pass through different
developmental stages is not known.  It is important to determine GSL concentrations at
different developmental stages to develop better weed control strategies for using wild
radish as a cover crop and thereby, reducing herbicide use.  The overall goal is to
maximize GSL content in wild radish which can be incorporated into soil.  The objectives
of this study were to quantify and compare GSL content and composition of wild radish
in different organs at different developmental stages ranging from cotyledon to silique
formation.
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Materials and Methods
Glucosinolate Composition at Different Growth Stages
Wild radish seeds were collected from Clemson, SC during 2005 and 2006.  Seeds
were stored at 4 C prior to planting.  Approximately 10 to 15 seeds were planted in 10-
cm-diameter pots containing commercial peat moss potting mix from Farfard Inc.
(Anderson, SC) and placed in a growth chamber.  The growth chamber was maintained
with a 13 hour daylength with 23 C temperature followed by 8 C during the dark phase
(11 hour).  When wild radish reached the 2- to 3-leaf stage, plants were thinned to 1 plant
per pot.  The plants were watered three times each week with 0.4% w/v solution of Scotts
Miracle Gro fertilizer (Marysville, OH) containing 24% N, 8% P, and 16% K.
Plants were harvested at five different growth stages: cotyledon (Stage 1), 6- to 8-leaf
(Stage 2), bolting (Stage 3), 50% flowering (Stage 4), and 50% silique formation (Stage
5).  The plants were harvested at 50% flowering and 50% silique formation due to the fact
that wild radish is an indeterminate plant, flowering from the base to apex over several
weeks.  Plants were separated into roots, shoots (leaves), branches (primary and
secondary), and flowers according to the developmental stage.  At stages 1 and 2, only
roots and shoots were harvested.  At stage 3, roots, shoots, and primary branches were
harvested.  Roots, shoots, primary and secondary branches, and flowers were harvested at
stage 4.  Stage 5 samples included roots, shoots, primary, and secondary branches. The
siliques could not be harvested at stage 5 because siliques were aborted soon after
formation because wild radish cannot self pollinate.  After each sampling, samples were
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oven-dried at 60 C for 14 days and ground to a fine powder that would pass through a 1
mm screen.  Samples were stored at 10 C until analyzed for GSL content. 
GSL Extraction and Analysis
GSL extraction from plant samples (0.3 g) was conducted as described previously
(Anonymous 1992).  Glucotropaeolin and sinigrin (1.2 µM) were added to a duplicate of
each plant sample as surrogates to correct for percent recovery of GSLs.  The final elution
volume was adjusted to 1.5 ml with milli-Q water.  Samples were filtered through 0.2 µM
nylon filters into autosampler vials.  GSL content and composition in samples were
determined by using a modification of a previous high performance liquid
chromatography method (HPLC) (Anonymous 1992).  Desulphoglucosinolates in
samples (30 µl) were analyzed using an Hewlett Packard 5890 HPLC equipped with
diode array detector set at 229 nm and a reverse phase column (3.2 mm x 150 mm, 5 µ;
Alltech Associates, Inc., Deerfield, IL).  The mobile phase was 100% water for 5 min
followed by linear elution gradient over the next 25 min to 65% water : 35% acetonitrile
which was held for 3 min followed by 5 min at 100% acetonitrile, and 5 min equilibration
back to the starting condition of 100% water.  The solvent flow rate was 0.5 ml min-1. 
GSLs were determined by comparing samples to various standards and to a previously
published protocol (Anonymous 1992).  The GSLs glucocheirolin, glucoiberin,
glucoraphanin, glucoraphenin, glucosibarin, glucobarbarin, and glucoerucin were
obtained from KVL (Copenhagen, Denmark).  Glucotropaeolin and glucosinigrin were
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obtained from Sigma Aldrich (St. Louis, MO).  Common and chemical names of GSLs
are given in Table 4.1.   
Statistical Analysis
Plant samples were replicated three times for each growth stage and the complete
experiment was repeated.  GSL concentrations and associated standard errors were
calculated for each sampled part at each wild radish developmental stage.  The total GSL
and biomass data were subjected to ANOVA in SAS (Statistical Analysis Systems®,
version 9.1, SAS Institute Inc., Cary, NC).  ANOVA was performed on rank transformed
total GSL and biomass data, which is a form of Kruskal-Wallis non- parametric analysis. 
The means from ANOVA were separated using Fisher’s protected LSD at 5% level of
significance.  
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Results and Discussion
Experiments were conducted twice, but results could not be obtained from one run
due to problems with the extraction and analysis of GSLs.  Hence, the results shown in
this section are from one experimental run only.
Glucosinolate Profile Variation 
Eight GSLs were identified in various wild radish samples in different organs and at
various developmental stages (Tables 4.2 and 4.3).  These included glucoiberin,
glucoraphanin, glucoraphenin, glucoerucin, glucosinalbin, gluconasturtin,
glucotropaeolin, and glucobrassicin.  Only  glucoraphenin, glucoerucin, gluconasturtin,
and glucotropaeolin were present at all developmental stages.  The concentration of
individual GSLs in different organs of wild radish when present varied greatly with more
than a 800 fold difference from a lowest concentration of glucoraphanin (0.19 µmol g-1)
in roots at silique formation to glucoerucin (157.30 µmol g-1 ) in flowers at the flowering
stage (Tables 4.2 and 4.3).  
Five GSLs were expressed at the cotyledon (stage 1), 6- to 8-leaf (stage 2), bolting
(stage 3), and flowering stages (stage 4) from a low of 0.37 µmol g-1 (glucobrassicin) at
bolting to a high of 157.30 µmol g-1  (glucoerucin) at the cotyledon stage (Table 4.2).  The
cotyledon samples were not separated into roots and shoots because of the low amount of
material available.  Three GSLs, glucotropaeolin, glucoerucin, and gluocraphenin were
the predominant GSLs and contributed to more than 90% of the GSL content at all
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developmental stages.  At 50% silique formation (stage 5), three additional GSLs were
expressed, glucoiberin, glucoraphanin, and glucosinalbin, which ranged in concentration
from 0.19 to 5.58 µmol g-1.  Glucoiberin was expressed in all plant organs at the silique
stage, while glucoraphanin was expressed in roots and secondary branches and
glucosinalbin was present in secondary branches. 
GSLs produced by wild radish were accumulated in roots, shoots, flowers, primary
branches, and secondary branches.  The highest concentration of GSLs was found in
flowers at the flowering stage followed by primary branches at the flowering stage. 
Brown et al. (2003) reported higher GSL concentrations in reproductive organs including
seeds (63 µmol g-1), inflorescences (25 to 30 µmol g-1), and siliques (15 to 25 µmol g-1)
for Arabidopsis thaliana, which is similar to results reported here.  There was between an
8- to 100-fold difference in concentration among GSLs, with glucoerucin generally
occurring at the highest concentration and glucobrassicin at the lowest level of all
identified GSLs.  Higher concentrations of glucoerucin and glucotropaeolin were
observed at the 50% flowering stage in roots, shoots, primary branches, and flowers and
in primary branches at bolting.  These GSLs hydrolyze to form ITCs with herbicidal
properties.  Overall lower concentrations glucoerucin and glucotropaeolin were observed
at the 6- to 8-leaf and bolting stages in roots and shoots, ranging from 8.21 to 51.59 µmol
g-1.    
Of the three major GSLs which contributed approximately >90% of total GSLs, there
were differences in levels across the developmental stages when comparing similar plant
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organs.  Glucoerucin concentration decreased from the cotyledon to the 6- to 8-leaf stage
and then increased to maximum levels at flowering followed by a decrease at silique
formation, except in secondary branches.  In contrast, glucoraphenin decreased from the
cotyledon to 6- to 8-leaf stage and then increased through silique formation. 
Total Glucosinolates 
Total GSL production varied among organs at different wild radish developmental
stages.  Total GSL production ranged from a low of 20.33 µmol g-1 for shoots at the 6- to
8-leaf stage to a high of 199.49 µmol g-1 in flowers at flowering (Tables 4.2 and 4.3).
Flowers had the highest total GSLs followed by primary branches at flowering (156.78
µmol g-1) .  Total GSL concentration in Arabidopsis thaliana ranged from 0.7 µmol g-1 in
senescing leaves to a high of 63 µmol g-1 in seeds (Brown et al. 2003), which is less than
the GSL concentrations found in wild radish. Total GSL concentrations in µmol g-1 varied
depending on the growth stage. Values at the cotyledon stage were approximately twice
than the value for 6- to 8-leaf stage followed by the increase to flowering stage.  Values at
silique stage were approximately half the values at flowering stage. Higher values at the
cotyledon stage do not imply that wild radish can be incorporated into soil for better weed
control at this stage because biomass production is insignificant when compared with
later stages (Table 4.4).  Wild radish biomass was greatest at the flowering and silique
stages (16.16 and 18.45 g).  As a result of increased biomass, the overall greatest GSL
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production, based on available biomass that could be incorporated into soil at flowering
was 8133 μmol followed by 4646 μmol at silique formation (Table 4.4).   
Overall, this study has shown that wild radish GSLs content and composition varies
among organs and developmental stages. The highest GSL concentrations occurred in
flowers at flowering followed by primary branches.  Among the GSLs detected,
glucoiberin, glucoerucin, glucotropaeolin, glucoraphanin, gluconapin, and gluconasturtin
hydrolyze to form ITCs, which have herbicidal properties (Kirkegaard and Sarwar 1998),
and two of three most prevalent GSLs detected in wild radish (glucoerucin and
glucotropaeolin) are among those that are precursors for ITCs.  The increase in GSL
production in wild radish at flowering is similar to that reported in other Brassicaceae
plants (Peterson et al. 2002; Brown et al. 2003).  Flowers, leaves, and branches of wild
radish were also shown to contain more GSLs than roots similar to findings for other
Brassicaceae species (Norsworthy et al. 2007). 
This research was conducted under controlled environmental conditions, and the GSL
concentrations may change in different environments.  GSL concentrations are known to
be dependent on changes in biotic and abiotic conditions (Ju et al. 1980).  The knowledge
of GSL accumulation in different organs at different wild radish developmental stages,
however, is important for determining at which stage GSL concentration is maximized
along with its allelopathic potential.  Based on this research, if wild radish is used as a
cover crop, it should be incorporated into the soil at the flowering stage for maximum
GSL production, which in turn can result higher ITC levels and greater weed
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management.  This is important to make sure that maximum disruption of wild radish
tissue occurs during its incorporation into soil.   This is due to the fact that more the
hydrolysis of wild radish tissue takes place following increased tissue maceration,
resulting in more ITCs being produced and maximum ITC production during the first 24
hrs following incorporation of wild radish cover crops which is important for better pest
suppression. Incorporating wild radish biomass into soil at flowering can serve as one
means of using this natural cover crop to augment pest suppression in vegetable crops in
the southeastern United States.  Incorporating the wild radish prior to silique formation
can also reduce the possibility of the wild radish becoming a problem weed following its
usage as a cover crop. 
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Table 4.1.  Common and chemical names of glucosinolates.
 
Common Name Chemical Name
Glucocheirolin 3-Methylsulfonyl propyl
Glucoiberin 3-Methylsulfinyl propyl
Glucoraphanin 4-Methylsulfinyl butyl
Glucoraphenin 4-Methylsulfinyl-3 butenyl
4-Methoxyglucobrassicin 4-Methoxy indol-3ylmethyl
Glucoalyssin 5-Methylsulfinyl pentyl
Glucoerucin 4-Methylthiobutyl
Gluconasturtin 2-Phenylethyl
Glucosinigrin 2-Propenyl
Gluconapin 3-Butenyl
Gluconapoleiferin 2-Hydroxy-4-pentenyl
Desulfo-4hydroxyglucobrassicin 4-Hydroxyindol-3-phenethyl
Glucosibarin 2R-2-Hydroxy-2-phenethyl
Glucobarbarin 2S-2 -Hydroxy-2 -phenylethyl
Glucobrassiccin Indol-3-ylmethyl
Glucosinalbin 4-Hydroxy benzyl
Glucotropaeolin Benzyl
Neoglucobrassicin 1-Methoxyindol-3-ylmethyl
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Table 4.2.  Glucosinolates present in  different organs of wild radish at cotyledon, 6- to 8-
leaf, and bolting stages.
Glucosinolatea Glucosinolates at various growth stages (µmol g-1)
Stage 1:
Cotyledon
Stage 2:  6- to 8-leaf Stage 3: Bolting
Root Shootb Root Shoot PBc
Glucoerucin 73.97 ± 2.26 7.78 ± 1.19 8.04 ± 0.94 17.47 ± 1.91 43.01  ± 1.40 51.59 ± 2.34
Glucotropaeolin 27.93 ± 4.01 19.03 ± 1.39 8.21 ± 1.04 13.43 ± 1.49 14.07  ± 1.31 5.42 ± 1.60
Glucoraphenin 11.01 ± 1.65 1.83 ± 0.35 3.33 ± 1.20 2.85 ± 0.69 12.13  ± 1.70 2.13 ± 1.04
Gluconasturtin n.dd 4.97 ± 1.34 0.85 ± 0.35 2.33 ± 0.84 n.d. 4.09 ± 0.12
Glucobrassicin 1.11 ± 0.75 n.d. n.d. n.d. 1.04  ± 0.74 0.37 ± 0.18
Total 119.54 ± 15.71 33.63 ± 1.80 20.33 ± 1.34 34.08 ± 1.72 67.77  ± 2.87 60.55 ± 4.82
aGlucosinolate concentrations are based on an average of three replications per growth stage in each of two
experiments followed by the standard error
bShoot - main stem
cPB - primary branch
dn.d. - not detected
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Table 4.3.  Glucosinolates present in different organs of wild radish at flowering and silique stages
Glucosinolatesa Glucosinolates at various growth stages (µmol g-1)
Stage 4: Flowering Stage 5:  Silique
Root Shootb Flower PBc SBd Root Shoot PB SB
Glucoerucin 51.35 ± 2.33 47.78 ± 2.37 157.30 ± 2.89 138.11 ± 3.47 44.72 ± 4.76 25.20 ± 1.97 23.40 ± 2.22 36.09 ± 6.03 57.46 ± 10.0
Glucotropaeolin 5.03 ± 0.63 6.76 ± 1.35 10.26 ± 1.33 12.72 ± 2.33 7.18 ± 2.23 3.07 ± 2.02 4.03 ± 0.11 6.04 ± 4.08 8.25 ± 7.20
Glucoraphenin 1.58 ± 0.45 3.95 ± 0.61 27.32 ± 2.18 8.11 ± 2.92 23.41 ± 1.21 15.17 ± 0.99 5.43 ± 2.14 16.89 ± 0.99 36.18 ± 1.67
Gluconasturtin 4.88 ± 2.28 5.04 ± 1.71 n.d. n.d. n.d. 1.06 ± 0.22 2.27 ± 0.32 n.d. 0.53 ± 0.27
Glucobrassicin 0.43 ± 0.28 0.51 ± 0.23 1.85 ± 0.33 1.62 ± 0.35 0.42 ± 0.12 n.d. n.d. n.d. n.d.
Glucosinalbin n.d.e n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.46 ± 0.22
Glucoiberin n.d. n.d. n.d. n.d. n.d. 2.31 ± 0.24 4.83 ± 0.43 5.56 ± 0.64 5.58 ± 0.54
Glucoraphanin n.d. n.d. n.d. n.d. n.d. 0.19 ± 0.02 n.d. n.d. 0.89 ± 0.55
Total 60.11 ± 3.84 63.87 ± 5.05 199.49 ± 5.19 159.78 ± 6.56 75.73 ± 9.16 48.44 ± 5.01 32.08 ± 4.76 58.77 ± 11.58 102.91 ± 16.67
aGlucosinolate concentrations are based on average of three replications per growth stage in each of two experiments followed by standard error
bShoot - main stem
cPB - primary branch
dSB - secondary branch
bn.d. - not detected
Table 4.4.  Biomass and total glucosinolates among different growth stages of wild radish
Growth Stage Biomass
(g/plant)a
Total Glucosinolates
(μmol/plant)
Stage 1: Cotyledon 0.05 c 6 e
Stage 2: 6- to 8-leaf 1.84 b 124.3 d
Stage 3: Bolting 2.41 b 384.7 c
Stage 4: 50% Flowering 16.16 a 8133.3 a
Stage 5: 50% Silique 18.45 a 4646.3 b
aMeans followed by same letter are not significantly different using Fisher’s protected
LSD at α< 0.05 based on the rank transformed data with three replications. 
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CHAPTER 5
GLUCOSINOLATE VARIATION AMONG WILD RADISH (Raphanus raphanistrum)
ACCESSIONS
Abstract
Glucosinolate (GSL) composition was determined in accessions of wild radish from
eight states in the eastern United States when harvested at 50% flowering stage to
determine if some accessions may contain higher GSL content.   GSLs were evaluated
from plant parts including roots, leaves, flowers, primary branches, and secondary
branches.  Sixteen GSLs were identified in accessions from Alabama, Florida, Georgia,
Mississippi, Maine, New York, North Carolina, and South Carolina.  Glucoraphenin,
gluconapin, glucoerucin, glucobrassicin, and gluconasturtin were found in all accessions. 
The GSL conentration in roots ranged from 9.61 to 31.38 µmol g-1, while leaves had
concentrations ranging from 12.39 to 39.96 µmol g-1 in various accessions.  Flowers had
the highest GSL concentrations ranging from 18.76 to 227.07 µmol g-1.   GSL
concentration in primary branches ranged from 12.86 to 51.99 µmol g-1, while secondary
branches had GSLs ranging from 3.43 to 151.99 µmol g-1.  Cluster analysis showed 3 to 5
clusters depending on the plant part, but no distinct clustering in overall GSL
concentration was observed among accessions. Accessions from Florida and Mississippi
had significantly higher total GSL concentration on a biomass basis at 6583 and 6228
µmol per plant, respectively.  In addition and more importantly to possible weed
management, the total GSL concentration of GSLs that convert to ITCs were higher for
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accessions from Florida and Mississippi.  The GSLs which convert to ITC contributed
between 80 to 99% of total GSLs produced by all wild radish accessions.  Further studies
are needed to determine if accessions from Florida and Mississippi consistently produce
higher GSL levels under different environmental conditions. 
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Introduction
Glucosinolates (GSLs) are potential allelopathic compounds released by Brassicaceae
plants which are derived from amino acids (Fahey et al.  2001).  GSLs when incorporated
into soil are hydrolyzed to degradation products including isothiocyanates (ITCs) by
myrosinase following tissue maceration (Brown and Morra 1997).   ITCs can be
important for weed, insect, nematode and pathogen management in row and vegetable
crops (Borek et al. 1998; Peterson et al. 2001; Smolinska et al. 1997).  Due to these
characteristics, the levels of GSLs released by Brassicaceae plants are important
especially when considering their use as a possible weed management tool.  
In studies of different species of Brassicaceae, many different GSLs have been
identified and the concentrations as well as their presence varies with species, accessions,
and environmental conditions.  Eighteen aliphatic, aromatic, and indolyl GSLs were
identified in roots and shoots of 76 Brassicaceae plants (Kirkegaard and Sarwar 1998). 
Norsworthy et al. (2007) quantified the production of 10 GSLs in roots and shoots of 7
Brassicaceae cover crops grown in the southeastern United States.  GSLs were shown to
vary among ecotypes of Arabidopsis thaliana, where 22 GSLs were identified in 39
different accessions (Kliebenstein 2001).  Additionally twelve GSLs were reported in
roots, shoots, and seeds of 37 accessions of Australian canola (Brassica napus) and
Indian mustard (Brassica juncea) (Kirkegaard and Sarwar 1999). 
Wild radish (Raphanus raphanistrum), a Brassicaceae weed,  is a facultative winter
annual broadleaf that emerges throughout the year in the southeastern United States
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(Schroeder 1989) and has potential as a cover crop due to its GSL production (Malik et al.
2008).   Eight GSLs have been identified in shoots of wild radish including aliphatic and
aromatic GSLs (Malik et al. 2008). GSLs identified at different growth stages and organs
in wild radish included glucoiberin, glucoraphanin, glucoraphenin, glucoerucin,
glucosinalbin, gluconasturtin, glucotropaeolin, and glucobrassicin with four -
glucoraphenin, glucoerucin, gluconasturtin, and glucotropaeolin identified in all growth
stages. 
Knowledge of the presence of GSLs in plant parts and differences among accessions
of wild radish are important in determining which accessions may be better for use in
developing weed control strategies when wild radish is used as a cover crop.  It is also
important to determine concentrations of GSLs which are converted to ITCs which result
in inhibition of weed germination.  Of the eight GSLs previously identified in wild radish,
two of the three major GSLs convert to ITCs.  The objectives of this study were to
compare GSL content among different accessions of wild radish at flowering stage,
determine concentrations of GSLs which are converted to ITCs, and to possibly identify
accessions which may provide better weed management options.
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Materials and Methods
Seeds of wild radish were collected from ten locations across eight states in the
Eastern United States including Alabama (Lee county), Florida (Jackson county), Georgia
(Tift county), Maine (Penobscot county), Mississippi (Pearl River county), New York
(Tompkins county), North Carolina (Sampson county), and South Carolina (Barnwell,
Colleton, and Orangeburg counties).  Seeds were dried and stored at 4 C.  Approximately
10 to 15 seeds were planted in 10-cm diameter pots containing commercial peat moss
mix from Farfard Inc. (Anderson, SC) and placed in a growth chamber.  The growth
chamber was maintained with a 13 hour daylength at 23 C followed by 8 C during the
dark phase (11 hour).  When wild radish seedlings reached 2-to 3-leaf stage they were
thinned to one plant per pot.  Three plants were used for GSL extraction in each
accession. Plants were watered three times a week with 0.4% w/v solution of Scotts
Miracle Gro fertilizer (Marysville, OH) containing 24% N, 8% P, and 16% K.  Plants
were harvested at 50% flowering stage and differentiated into different plant parts
including roots, leaves, flowers, primary branches, and secondary branches.  The plants
were harvested at 50% flowering due to the fact that wild radish is an indeterminate plant,
flowering from the base to apex over several weeks.  Plant samples were oven dried at 60
C for 14 days, ground to a fine powder that would pass through a 1 mm screen, and then
stored at 10 C until they were analyzed for GSL content.
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GSL Extraction and Analysis
The GSL extraction from plant samples (0.3 g) was conducted as described previously
(Anonymous 1992).  Glucotropaeolin and sinigrin (1.2 µM) were added to a duplicate of
each plant sample to correct for recovery of GSLs.  The final elution volume was adjusted
to 1.5 ml milli-Q water.  Samples were filtered through 0.2 µ nylon filters into
autosampler vials prior to analysis.  GSL content and composition in samples was
determined by analyzing samples on a high pressure liquid chromatograph (HPLC) using
a modification of a previous method (Anonymous 1992).  Desulphoglucosinolates in
samples (30 µl) were injected into an Hewlett Packard 5890 HPLC equipped with diode
array detector set at 229 nm and a reverse phase column (3.2 mm x 150 mm, 5 µ; Alltech
Associates, Inc., Deerfield, IL).  The mobile phase was 100% water for 5 min followed by
linear elution gradient over the next 25 min to 65% water : 35% acetonitrile which was
held for 3 min followed by 5 min at 100% acetonitrile, and 5 min of equilibration back to
the starting condition of 100% water.  The solvent flow rate was 0.5 ml/min.  GSLs were
identified by comparing to various standards and to a previously published protocol
(Anonymous 1992).  The GSLs glucocheirolin, glucoiberin, glucoraphanin,
glucoraphenin, glucosibarin, glucobarbarin and glucoerucin were obtained from KVL
(Copenhagen, Denmark).  Glucotropaeolin and glucosinigrin used as surrogates were
obtained from Sigma-Aldrich (St. Louis, MO).  Chemical names and common names of
GSLs are given in Table 4.1.   
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Statistical Analysis
Plant samples were replicated three times and the experiment was repeated.  Each
treatment contained the ground material of wild radish from one accession.  Each
accession was replicated into three samples with glucotropaeolin and sinigrin added as
surrogate to one sample, second sample contained sinigrin as surrogate, and third sample
was analyzed alone without any surrogate. The biomass and total GSL data were
subjected to ANOVA, and means were separated using Fisher’s protected LSD at 5%
level of significance.  Glucosinolate concentrations and associated standard errors were
calculated for each sampled part for each accession.  Cluster analysis was performed
using PROC CLUS in SAS (Statistical Analysis Systems®, version 9.1, SAS Institute
Inc., Cary, NC) to differentiate accessions on the basis of glucosinolate concentration. 
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Results and Discussion
A total of 16 GSLs were identified among the various accessions of wild radish.
These included glucocheirolin, glucoiberin, glucoraphanin, glucoraphenin,
gluconapoleiferin, glucoalyssin, gluconapin, 4-methoxy glucobrassicin, desulfo-
4hydroxyglucobrassicin, glucosibarin, glucobarbarin, glucotropaeolin, glucobrassicin,
neoglucobrassicin, glucoerucin, and gluconasturtin.  The predominant GSLs were
glucoraphenin, glucotropaeolin, and glucoerucin.  Two of these GSLs, glucoerucin and
glucotropaeolin are hydrolyzed to ITCs. 
Glucosinolate Accumulation in Roots
The GSL content in roots of wild radish varied among accessions.  Glucoerucin,
glucorpahenin, and glucotropaeolin were the most abundant GSLs except with two SC
accessions where glucobrassicin was the third most prevalent GSL (Tables 5.1 and 5.2). 
The percentage of total GSL in roots contributed by glucoerucin, glucoraphenin, and
glucotropaeolin ranged from 87.5 to 98.1%.  The GSLs gluconasturtin and glucobrassicin
were commonly present at levels < 1 µmol g-1.  Other less commonly occurring GSLs (in
5 to 7 of the 10 accessions) included glucoraphanin, glucoiberin, desulfo-4-hydroxy
glucobrassicin and gluconapin.  The GSLs glucocheirolin, glucosibarin,
gluconapolieferin, glucoalyssin, and glucobarbarin were present in only one to three
accessions at trace levels.   Glucoerucin and glucobrassicin were predominant GSLs  in
roots of another Brassicaceae species, Arabidopsis thaliana  (Peterson et al. 2002).   
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Total GSL production in roots ranged from a low of 9.61 µmol g-1 in accessions of
North Carolina to a high of 31.38 µmol g-1 from Mississippi accession.  The New York
and Mississippi accessions had greater total GSL concentration in roots when compared
to other accessions.  Brown et al. (2003) reported that indole GSLs such as desulfo-4-
hydroxy glucobrassicin were predominant among roots in Arabidopsis thaliana plants,
but this GSL was only present in trace amounts in wild radish roots.  Roots of
Brassicaceae species including Australian canola (Brassica napus annua L.) and Indian
mustard (Brassica juncea L.) also contained aromatic GSLs gluconasturtin and
glucotropaeolin GSL (Kirkegaard and Sarwaar 1998) as was found in this study.  These
GSLs along with glucoerucin hydrolyze to form ITCs.  Gluconasturtin was present at low
levels (< 1 µmol g-1 ) in wild radish unlike Indian mustard and oilseed rape where it was
the predominant GSL (Norsworthy et al. 2007).  
The accessions from Florida, Georgia, Maine, North Carolina, and South Carolina
clustered together (Figure 5.1), while New York and Mississippi formed a second cluster. 
The Alabama accession was separate from other clusters.  The Alabama accession had
approximately 45% of its GSLs contributed by glucotropaeolin which resulted in its
formation as a separate major cluster.  Glucotropaeolin contributed from 1.6 to 17.8% of
total GSLs in other accessions forming the big cluster.  The grouping of New York and
Mississippi accessions as a separate cluster probably resulted from increased levels of
glucoraphenin (18.9 and 20.3%) and the presence of glucocheirolin.
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Glucosinolate Accumulation in Leaves
The most abundant GSLs in leaves of wild radish accessions included glucoraphenin
and glucoerucin (Tables 5.3 and 5.4).   These GSLs together constituted at least 63% of
the total GSLs identified in leaves.  The individual percentage of these GSLs in leaves
ranged from 15.8 to 71.3%.  Glucoraphenin was present at the highest level in all
accessions except Alabama, South Carolina (Orangeburg) and South Carolina (Barnwell)
accessions where there was more glucoerucin than glucoraphenin.  Other GSLs
glucoraphanin, glucotropaeolin, glucobrassicin, and gluconasturtin were present in
moderate amounts > 0.5 µmol g-1 in all accessions.  GSLs glucobarbarin, glucocheirolin,
glucoiberin, glucosibarin, gluconapin, desulfo-4-hydroxy glucobrassicin, and glucoalyssin
were present at trace levels < 0.5 µmol g-1 in at least four accessions.  Neoglucobrassiccin
was present in only one accession, Mississippi, at trace levels. 
The total GSL concentration in leaves ranged from 12.39 µmol g-1  (Georgia
accession) to a high of 39.96 µmol g-1 (Alabama accession).  Glucocheirolin, glucoiberin,
and glucoraphenin were identified as major GSLs in Arabidopsis thaliana in Europe
(Peterson et al. 2002), and glucoraphanin was the predominant GSL in Arabidopsis
thaliana, Columbia ecotype from Germany (Brown et al. 2003), while in this study of
wild radish glucorapanen was present in all accessions but at concentrations < 1 µmol g-1.
Cluster analysis of GSLs in leaves showed two major clusters with several accessions
(Figure 5.2).  Maine, New York, and Mississippi formed one cluster and a second cluster
contained the Florida, South Carolina (Colleton), North Carolina, and Georgia accessions. 
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The Alabama, South Carolina (Orangeburg), and South Carolina (Barnwell) accessions
did not cluster with any other accessions.  The greater concentration of glucoerucin
(>44%) in the accessions of Alabama and South Carolina (Orangeburg and Colleton)
when compared to others probably resulted in their formation of separate clusters. 
Glucobrassicin was also present in higher amounts in accessions from South Carolina
(Barnwell and Orangeburg) compared to other accessions which may be other reason for
the separation of these accessions from the Alabama accession.   The New York, Maine,
Mississippi, and Florida accessions contained glucobarbarin in leaves but the Florida
accessions had lower overall total GSLs which may be the reason it produced a separate
cluster. 
Glucosinolate Accumulation in Primary Branches
The two major GSLs in primary branches among accessions were glucoraphenin  and
glucoerucin (Tables 5.5 and 5.6).  These two GSLs constituted a majority of the GSLs in
primary branches.  Individually, glucoerucin and glucoraphenin in primary branches
contributed between 16.5 to 73.1% of the total GSLs.  The concentration of predominant
GSLs  ranged from a low of 2.36 to 29.99 µmol g-1.  GSLs glucotropaeolin and
glucobrassicin were most often the third and fourth most common GSLs with gluconapin
being the fourth most prevalent GSL in SC-Barnwell accession.  Other GSLs commonly
present at trace levels, generally < 1 µmol g-1 included glucocheirolin, desulfo-4-hydroxy
glucobrassicin, glucoiberin, gluconapin, glucosibarin, glucoraphanin, and glucoalyssin. 
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Glucobarbarin and 2-methyoxyglucobrassicin were present at < 0.25 µmol g-1 in only
three and two accessions, respectively. 
Four accession, New York, Maine, Mississippi, and SC-Barwell formed four separate
clusters away from the major cluster (Figure 5.3).  The accession from Mississippi had a
higher concentration of glucobrassicin, contributing 13.7% of total GSLs, when compared
to other accessions. Gluconapin was present at higher concentration in the South Carolina
(Barnwell) accession.  The Maine accession had a lower percentage of glucotropaeolin
when compared to the other accessions.  The total GSL concentration for primary
branches ranged from 12.86 µmol g-1 in North Carolina accession to 51.99 µmol g-1 in
Mississippi accession.  Stems of Arabidopsis thaliana from Europe contained
glucoraphanin, glucobrassicin, and desulfo-4-hydroxy glucobrassicin as major GSLs
(Peterson et al. 2002).  These GSLs are less common in the wild radish accessions in this
study except in the Maine accession where glucobrassicin was the third most abundant
GSL.  The most common GSLs in Australian canola and Indian mustard species stems
included gluconapin, gluconasturtin, glucoraphanin (Kirkegaard and Sarwaar 1998),
which are also minor GSLs in wild radish indicating differences in the GSL profiles for
different Brassicaceae species.    
Glucosinolate Accumulation in Secondary Branches
The major GSLs in secondary branches were again glucoraphenin and glucoerucin
(Tables 5.7 and 5.8).  The concentration of these two GSLs ranged from a low of 0.95
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µmol g-1 to 93.78 µmol g-1 and constituted between 50 to 93% of the total GSLs.  The
South Carolina (Barnwell) accession was the only accession with < 70% of the total
GSLs being contributed by glucoerucin and glucoraphenin.  Other GSLs that were present
in a majority of the accessions at levels > 0.5 µmol g-1 were glucobrassicin,
glucotropaeolin, glucoraphanin, gluconapin, gluconasturtin, and glucoiberin.  Other GSLs
present in a majority of accessions but at trace levels were desulfo-4-hydroxy
glucobrassicin, glucheriolin, and glucoalyssin.   Glucosibarin, gluconapoleiferin, 4-
methoxyglucobrassicin, and glucobarbarin were present in only two to three accession at
trace levels. 
The total GSL concentration in secondary branches ranged from a low of 3.43 µmol g-
1 in the North Carolina accession to a high of 151.99 µmol g-1 in the Mississippi accession
(Tables 5.7 and 5.8).  Stems in bolting Arabidopsis thaliana contained GSLs glucoerucin
and glucobrassicin which contributed 40% of total GSLs (Peterson et al. 2002).  In this
study, glucoerucin levels ranged from 14 to 80% of total GSL concentration in secondary
branches.  In cluster analysis, the accessions from Florida and Mississippi were not within
the one major cluster (Figure 5.4).  These accessions had higher total GSLs and
glucobrassicin when compared with other accessions.  Glucobrassicin was responsible for
8 and 11% to total GSLs contributed by Florida and Mississippi accessions respectively. 
The Florida accession had a higher percentage of glucoraphenin (61.4%) in comparison to
the Mississippi accession (24.6%). The total GSLs were also approximately three fold
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greater in the Florida accession compared to the Mississippi accession which resulted in
their separation into two groups.
Glucosinolate Accumulation in Flowers
Flowers and other reproductive organs of plants have previously been shown to
contain the highest levels of GSLs when compared to other plant parts (Brown et al.
2003; Peterson et al. 2002).  The major GSLs present in flowers in the accessions from
eastern United States were glucoraphenin and glucoerucin.  These GSLs contributed
greater than 73% of the total GSLs. (Tables 5.9 and 5.10).  Glucotropaeolin,
glucobrassicin, and glucoraphanin were present in all accessions and commonly present at
levels >1.0 µmol g-1.  Other GSLs present in a majority of the accessions were
gluconasturtin, desulfo-4-hydroxy glucobrassiccin, glucoiberin, and gluconapin at levels
generally < 0.5 µmol g-1.   Glucocheirolin, gluconapoliferin, 4-methoxyglucobrassicin,
and glucobarbarin were present in five or less accessions.
 Flowers had the highest level of GSLs when compared to other plant organs. The
total GSL concentration in flowers ranged from 18.76 µmol g-1 in the North Carolina
accession to 227.07 µmol g-1 in the Florida accession.   Brown et al. (2003) reported that
glucoraphanin, glucoiberin, and glucobrassicin are the most common GSLs with
concentrations of  21.80, 3.16, and 2.21 µmol g-1 respectively in flowers at flowering
stage of Arabidopsis thaliana, while Peterson et al. (2002) reported glucoerusin as one of
the prodominant GLS which is similar to this study.  Cluster analysis of GSL
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concentrations in flowers revealed three distinct clusters (Figure 5.5).  The major cluster
contained the three South Carolina accessions and accessions from Georgia, North
Carolina, and Alabama.  New York, Maine, and Mississippi were in a second cluster. 
The Florida accession was separate from all other accessions due to higher overall levels
of GSLs present in this accession in addition to higher percentages of glucobrassicin,
glucoraphanin, glucoiberin, and glucosibarin .  The GSL glucocheirolin was present in
accessions of Maine, Mississippi, and New York at percentages ranging from 1 to 5%,
and may be the reason for this cluster in addition to these accessions containing higher
concentrations of glucoalyssin. 
Total Glucosinolates
The total GSL production varied among the ten wild radish accessions grown to 50% 
flowering stage in this study.  The total concentration of GSLs ranged from a low of
54.22 µmol g-1 in the accession from North Carolina to a high of 413.44 µmol g-1 from the
Florida accession (Table 5.11).  There were no differences in the biomass production
among the accessions but the total GSL concentrations (µmol) per plant were
significantly different between accessions (Table 5.11).  The accessions from Florida and
Mississippi had the greatest total GSL concentration, 6583 µmol per plant and 6228 µmol
per plant, respectively.  The North Carolina accession had lowest total GSL concentration
of 918 µmol per plant.  The total GSL concentration in remaining accessions were
between these extremes and were not significantly different from each other.  
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When the total GSL concentration associated with GSLs which can be converted to
ITCs  (glucoiberin, glucoraphenin, glucoraphanin, glucoerucin, glucotropaeolin, and
gluconasturtin) were analyzed, the accessions from Florida and Mississippi had greater
concentrations of GSLs producting ITCs, 384.28 and 312.77 µmol g-1 respectively (Table
5.11).  The GSLs associated with herbicidal properties were 93% of the total GSLs
produced in the Florida accession and 91% of total GSLs in the Mississippi accession. 
The total GSL converted to ITC were 6132 µmol and 5077 µmol per plant for Florida and
Mississippi accessions respectively.  The accessions from North Carolina had the lowest
total GSL concentration for the GSLs converting to ITCs.  The total GSL concentration
and total GSL concentration on biomass basis for North Carolina accession was 53.41
µmol g-1 and a total of 905 µmol per plant.  The GSLs associated with herbicidal
properties contributed to 99% of the total GSLs alone as well as on biomass basis
produced by North Carolina accession. It can be said that majority of GSLs produced by
different accessions were associated with herbicidal properties. 
Overall results indicate that wild radish, like other brassicaceae species produces
glucosinolates and its content and composition varies among plant parts and accessions.
When different plant organs of wild radish in flowers at flowering stage were analyzed,
glucoraphenin and  glucoerucin were the predominant GSLs present in all organs and
accessions of wild radish. GSLs such as glucoraphanin, glucotropaeolin, glucobrassicin,
gluconasturtin, glucoiberin, glucocheirolin, desulfo 4-hydroxy glucobrassicin were less
predominant GSLs.   Among these GSLs, six glucoiberin, glucoerucin, glucotropaeolin,
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glucoraphanin, glucoraphenin, gluconapin, and gluconasturtin hydrolyze to form ITCs
which have herbicidal and fungicidal properties (Kirkegaard and Sarwar 1998; Sarwar et
al. 1998; Vaughn et al. 2006).  A majority of GSLs produced by wild radish accessions
were associated with herbicidal properties and ITC production with them contributing
about 80 to 99% of all GSLs.  Differences were shown in GSL concentrations among
different accessions indicating that further research is needed to determine if the Florida
and Mississippi accessions can consistently produce more GSLs in field conditions which
could result in better weed management.  Studies of additional accessions may also result
in the identification of accessions which produce even higher levels of GSLs and more
specifically ITC producing GSLs.
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Table 5.1:  Glucosinolate contents in roots at flowering stage among wild radish accessions from Maine, New York, Alabama, Florida, and Mississippi.
Glucosinolate Glucosinolate Concentration (µmol g-1 ± Standard Error)
Maine New York Alabama Florida Mississippi
Glucoerucin 24.19 ± 5.08 21.51 ± 2.82  11.83 ± 4.26 5.26 ± 1.24 21.84 ± 2.31   
Glucoraphenin 1.62 ± 0.33 5.78  ± 1.21 1.37 ± 0.32 1.97 ± 0.61 6.37 ± 0.91
Glucotropaeolin 1.06 ± 0.67 1.15 ± 0.03  11.25 ± 10.38 1.95 ±1.00 0.94 ± 0.61  
Gluconasturtin 0.38 ± 0.07 0.59 ± 0.08   0.68 ± 0.16 0.32 ± 0.08 0.75 ± 0.13   
Glucobrassicin n.d.             0.61 ± 0.31   0.17 ± 0.04 0.57 ± 0.12 0.49 ± 0.37  
Desulfo4-hydroxy glucobrassicin 0.03 ± 0.01 0.05 ± 0.02  0.02 ± 0.01  0.04 ± 0.01 0.35 ± 0.09  
Glucoraphanin 0.09 ± 0.03 0.13 ± 0.07      n.d.            n.d.            0.22 ± 0.04
Glucoiberin n.d.              0.41 ± 0.15 n.d.            n.d.            0.22 ± 0.07  
Glucocheirolin n.d.             0.13 ± 0.07 n.d.            n.d.            0.05 ± 0.02
Glucosibarin n.d.              0.09 ± 0.02            n.d.            n.d.           n.d.
Gluconapoleiferin n.d.               0.07 ± 0.03     n.d.            n.d.            n.d. 
Gluconapin n.d.               0.14 ± 0.04     n.d.            n.d.           0.12 ± 0.01 
Glucoalyssin n.d.               0.03 ± 0.02           n.d.            n.d.           n.d. 
4-Methoxyglucobrassicin n.d.              n.d.       n.d.            n.d.           n.d.            
Neoglucobrassiccin n.d.             n.d.               n.d.            n.d.           n.d.            
Glucobarbarin n.d.              n.d.             n.d.            n.d.           n.d.           
Total 27.37 ± 5.44  30.69 ± 4.31  25.32 ± 9.99 10.12 ± 1.96   31.38 ± 3.37   
aCommon name of glucosinolate , n.d. = not detected
Table 5.2: Glucosinolate contents in roots at flowering stage among wild radish accessions from Georgia, North Carolina, South Carolina (Barnwell,
Colleton, and Orangeburg).
Glucosinolate Glucosinolate Concentration (µmol g-1 ± Standard Error)
Georgia North Carolina South Carolina  (Orangeburg) South Carolina (Colleton) South Carolina (Barnwell)
Glucoerucin 9.30  ± 1.71 1.74 ± 0.33 18.98 ± 1.75         20.26 ± 3.26       16.04 ± 4.08    
Glucoraphenin 1.98  ± 0.56 5.84 ± 1.57  4.87 ± 1.18        5.40 ± 1.94 2.72 ± 0.45     
Glucotropaeolin 1.82  ± 1.15 1.71 ± 1.08 1.36 ± 0.78       0.97 ± 0.61      2.46 ± 1.79
Gluconasturtin 0.84  ± 0.05   0.07 ± 0.02  0.70 ± 0.03  0.62 ± 0.22  0.69 ± 0.29
Glucobrassicin 0.51 ± 0.15 0.18 ± 0.05  1.59 ± 0.68        2.82 ± 1.44      0.75 ± 0.20
Desulfo-4-hydroxy glucobrassicin 0.05 ± 0.01  n.d.            n.d.  0.10 ± 0.06 n.d.                
Glucoraphanin n.d.            n.d.            0.14 ± 0.02 0.11 ± 0.06 n.d.                 
Glucoiberin 0.04 ± 0.01 0.08 ± 0.01  0.30 ± 0.09       0.08 ± 0.01      0.02 ± 0.01     
Glucocheirolin n.d.            n.d.             n.d. 0.04 ± 0.02   n.d.                 
Glucosibarin n.d.              n.d.            0.08 ± 0.02        n.d.                n.d.                
Gluconapoleiferin n.d.            n.d.            0.05 ± 0.01                n.d.                 n.d.                
Gluconapin n.d.            n.d.            0.09 ± 0.04  0.05 ± 0.02 0.03 ± 0.01      
Glucoalyssin 0.04 ± 0.01 n.d.            n.d.                 n.d.                         n.d.                
4-Methoxyglucobrassicin n.d.            n.d.            n.d.                n.d.                 n.d.  
Neoglucobrassiccin n.d. n.d.            n.d.                   n.d.                 n.d.                
Glucobarbarin n.d.            n.d.            0.08 ± 0.04  n.d.                n.d.                
Total 14.57 ± 3.31 9.61 ± 1.76 28.21 ± 2.51     30.43 ± 2.73 22.70 ± 6.21     
aCommon name of glucosinolate , n.d. =  not detected 
Table 5.3: Glucosinolate contents in leaves at flowering  among wild radish accessions from Maine, New York, Alabama, Florida, and Mississippi.
Glucosinolate Glucosinolate Concentration (µmol g-1 ± Standard Error)
Maine New York Alabama Florida Mississippi
Glucoerucin 6.40 ± 1.03 4.50 ± 0.60 28.48 ± 3.44   3.49 ± 1.17 7.88 ± 0.67
Glucoraphenin 12.74 ± 1.72  17.76 ± 4.11  6.44 ± 1.26 6.25 ± 1.00 8.47 ± 0.71
Glucotropaeolin 1.38 ± 0.87 0.85 ± 0.19          1.67 ± 1.06   1.10 ± 0.47  1.61 ± 0.77 
Gluconasturtin 0.28 ± 0.06 0.55 ± 0.09 0.68 ± 0.08 0.46 ± 0.11 0.56 ± 0.04
Glucobrassicin 0.67 ± 0.11 1.78 ± 0.66 1.62 ± 0.15 2.82 ± 1.52  2.17 ± 0.49
Desulfo-4-hydroxy glucobrassicin 0.03 ± 0.01  0.21 ± 0.06  0.08 ± 0.01  0.06 ± 0.02 0.33 ± 0.07
Glucoraphanin 0.62 ± 0.13  0.57 ± 0.18 0.50 ± 0.30  0.03 ± 0.01   0.30 ± 0.12
Glucoiberin n.d.            0.05 ± 0.02 n.d.            0.20 ± 0.08   0.16 ± 0.03  
Glucocheirolin 0.27 ± 0.03  1.13 ± 0.51          0.32 ± 0.09   n.d.             0.07 ± 0.03
Glucosibarin n.d.            0.04 ± 0.01   0.06 ± 0.02   0.16 ± 0.12   0.10 ± 0.07   
Gluconapoleiferin n.d. n.d. n.d. n.d. n.d.            
Gluconapin 0.16 ± 0.02 0.23 ± 0.05            . 0.07 ± 0.02 0.14 ± 0.09  0.09 ± 0.01  
Glucoalyssin 0.04 ± 0.01 0.04 ± 0.02 0.03 ± 0.01 n.d.           n.d.            
4-Methoxyglucobrassicin n.d.            n.d. n.d.            n.d.           n.d.            
Neoglucobrassiccin n.d.            n.d.           n.d.             n.d.             0.02 ± 0.01  
Glucobarbarin 0.04 ± 0.01 0.71 ± 0.09   n.d. 0.08 ± 0.02 0.02 ± 0.01
Total 22.65 ± 3.38  28.43 ± 5.52 39.96 ± 5.40  14.79 ± 2.97 21.83 ± 1.36
aCommon name of glucosinolate , n.d. =  not detected  
Table 5.4: Glucosinolate contents in leaves at flowering stage among wild radish accessions from Georgia, North Carolina, and South Carolina
(Barnwell, Colleton, Orangeburg).
Glucosinolate Glucosinolate Concentration (µmol g-1 ± Standard Error)
Georgia North Carolina South Carolina (Orangeburg) South Carolina (Colleton) South Carolina (Barnwell)
Glucoerucin 3.52 ± 0.45 2.08 ± 0.27 17.56 ± 0.74       18.59 ± 6.87 6.09 ± 0.88
Glucoraphenin 5.72 ± 1.32 8.16 ± 0.53 14.69 ± 2.19 12.48 ± 2.60 16.44 ± 3.28
Glucotropaeolin 1.69 ± 1.07  1.10 ± 0.70  1.70 ± 1.04       1.21 ± 0.76           2.71 ± 1.97
Gluconasturtin 0.27 ± 0.03 0.06 ± 0.02  0.65 ± 0.03        0.31 ± 0.09 1.53 ± 0.48          
Glucobrassicin 0.79 ± 0.24 0.21 ± 0.11  3.16 ± 0.68 4.01 ± 2.03 7.96 ± 2.10
Desulfo-4-hydroxy glucobrassicin 0.14 ± 0.04 n.d.            0.11 ± 0.06       0.42 ± 0.27 0.09 ± 0.02         
Glucoraphanin 0.06 ± 0.01 0.48 ± 0.15 0.82 ± 0.08          0.24 ± 0.12 0.39 ± 0.13         .
Glucoiberin 0.15 ± 0.02 0.53 ± 0.06 0.82 ± 0.12            n.d.             0.07 ± 0.05          
Glucocheirolin n.d.             n.d.            n.d.                     0.07 ± 0.03 n.d.                    .
Glucosibarin n.d.            n.d.            0.21 ± 0.06       0.11 ± 0.02     n.d.                   
Gluconapoleiferin n.d.            n.d.           n.d.        n.d. n.d.                    
Gluconapin n.d. 0.06 ± 0.02 0.14 ± 0.03  0.04 ± 0.01 0.07 ± 0.03          
Glucoalyssin 0.06 ± 0.02 n.d.           n.d.       n.d. n.d.                    
4-Methoxyglucobrassicin n.d.           n.d.            n.d.   n.d.            n.d.                    
Neoglucobrassiccin n.d.            n.d.            n.d.                   n.d.             n.d.                     
Glucobarbarin n.d.            n.d.            n.d.                   n.d             n.d.                   
Total 12.39 ± 2.52 12.68 ± 0.89 39.85 ± 2.20 37.46 ± 10.20 35.35 ± 5.28
aCommon name of glucosinolate , n.d. =  not detected
Table 5.5: Glucosinolate contents  in primary branches at flowering stage among wild radish accessions from Maine, New York, Alabama, Florida, and
Mississippi. 
Glucosinolate Glucosinolate Concentration (µmol g-1 ± Standard Error)
Maine New York Alabama Florida Mississippi
Glucoerucin 23.61 ± 4.38 4.67 ± 1.25 9.35 ± 1.51 3.57 ± 1.11 29.99 ± 2.19
Glucoraphenin 5.34 ± 1.23 10.83 ± 2.40 2.36 ± 0.16 6.38 ± 1.50 10.17 ± 1.21
Glucotropaeolin 0.91 ± 0.58 1.57 ± 0.73            1.34 ± 0.86   1.50 ± 0.97 2.15 ± 1.58
Gluconasturtin 0.82 ± 0.15 0.41 ± 0.14 0.22 ± 0.03  0.41 ± 0.09 0.73 ± 0.08
Glucobrassicin 1.21 ± 0.30 0.69 ± 0.18 0.38 ± 0.05 1.09 ± 0.49 7.13 ± 1.78
Desulfo-4-hydroxy glucobrassin 0.11 ± 0.03 0.06 ± 0.02 0.03 ± 0.01   0.12 ± 0.05 1.17 ± 0.08
Glucoraphanin 0.07 ± 0.03 0.29 ± 0.09 0.03 ± 0.02  0.05 ± 0.02 0.20 ± 0.03 
Glucoiberin n.d.            n.d. 0.03 ± 0.01  0.30 ± 0.15 0.17 ± 0.02   
Glucocheirolin 0.12 ± 0.01 0.22 ± 0.09 0.18 ± 0.06 n.d.             0.07 ± 0.03
Glucosibarin n.d. n.d.            0.03 ± 0.01            . 0.12 ± 0.09  0.04 ± 0.01   
Gluconapoleiferin n.d. n.d. n.d.            n.d. n.d.   
Gluconapin 0.08 ± 0.02 0.09 ± 0.04 0.04 ± 0.01  0.02 ± 0.01  0.09 ± 0.03  
Glucoalyssin n.d.            0.05 ± 0.02 0.07 ± 0.03  n.d. 0.05 ± 0.02
4-Methoxyglucobrassicin n.d.            n.d.            n.d.            0.03 ± 0.01 0.03 ± 0.01  
Neoglucobrassiccin n.d.            n.d.            n.d.            n.d. n.d.          
Glucobarbarin 0.02 ± 0.01      n.d.            n.d.            n.d.            n.d.             
Total 32.29 ± 5.60 18.89 ± 2.27 14.02 ± 1.75 13.59 ± 2.61 51.99 ± 3.28
aCommon name of glucosinolate , n.d. =  not detected
Table 5.6: Glucosinolate contents in primary branches at flowering stage among wild radish accessions from Georgia, North Carolina, and South
Carolina (Barnwell, Colleton, and Orangeburg).
Glucosinolate Glucosinolate Concentration (µmol g-1 ± Standard Error)
Georgia North Carolina South Carolina (Orangeburg) South Carolina (Barnwell) South Carolina (Colleton)
Glucoerucin 4.51 ± 0.75 2.72 ± 0.34 14.99 ± 1.21 4.05 ± 1.36   10.42 ± 3.47
Glucoraphenin 6.91 ± 1.29  9.05 ± 1.85 5.88 ± 0.76 5.60 ± 1.09 6.30 ± 1.67
Glucotropaeolin 3.26 ± 2.55 0.64 ± 0.52   1.42 ± 0.86 1.59 ± 0.88 1.40 ± 0.93
Gluconasturtin 0.89 ± 0.09 0.05 ± 0.01 0.33 ± 0.05      0.77 ± 0.34 0.33 ± 0.12
Glucobrassicin 1.81 ± 0.46 0.14 ± 0.09 3.32 ± 0.94      4.34 ± 0.93 1.42 ± 0.85 
Desulfo-4-hydroxy glucobrassicin 0.05 ± 0.01 n.d.             0.05 ± 0.01 n.d. 0.13 ± 0.06
Glucoraphanin n.d. . 0.02 ± 0.01 0.15 ± 0.02         0.02 ± 0.01            0.04 ± 0.01
Glucoiberin 0.09 ± 0.02   0.21 ± 0.06 0.59 ± 0.15 0.42 ± 0.06    0.03 ± 0.01
Glucocheirolin n.d.            n.d.             . n.d.                    n.d.              0.04 ± 0.02
Glucosibarin n.d. n.d.             0.03 ± 0.01 0.15 ± 0.06 n.d.
Gluconapoleiferin n.d.            n.d.          n.d.          n.d. n.d.       
Gluconapin n.d.            0.03 ± 0.01   0.07 ± 0.01 2.19 ± 0.53 0.05 ± 0.03
Glucoalyssin 0.14 ± 0.02 n.d.          n.d.          n.d. 0.03 ± 0.02      
4-Methoxyglucobrassicin n.d. n.d.           n.d.                n.d.          n.d. 
Neoglucobrassiccin n.d.      n.d. n.d. n.d.          . n.d.           
Glucobarbarin 0.21±0.08 n.d.             n.d. 0.15 ± 0.07 n.d.
Total 17.89 ± 2.73 12.86 ± 1.76 26.82±3.21 19.26 ± 2.10 20.19 ± 5.66
aCommon name of glucosinolate , n.d. =  not detected  
Table 5.7:  Glucosinolate concentration in secondary branches at flowering stage among wild radish accessions from Maine, New York, Alabama, Florida, and
Mississippi
Glucosinolate Glucosinolate Concentration (µmol g-1 ± Standard Error)
Maine New York Alabama Florida Mississippi
Glucoerucin 22.22 ± 3.43 13.11 ± 3.11 34.36 ± 4.52 35.65 ± 15.53  27.49 ± 5.98
Glucoraphenin 9.67 ± 2.59 14.73 ± 2.69 4.42 ± 0.41 93.78 ± 49.27   11.75 ± 1.57
Glucotropaeolin 1.41 ± 0.92 1.48 ± 1.35 1.77 ± 1.07 0.93 ± 0.69 1.34 ± 0.78
Gluconasturtin 0.05 ± 0.02 0.44 ± 0.03 0.47 ± 0.03 2.10 ± 1.76 0.47 ± 0.07 
Glucobrassicin 0.68 ± 0.29 1.59 ± 0.58 1.13 ± 0.15  12.78 ± 7.11   5.35 ± 2.14  
Desulfo-4-hydroxy glucobrassicin 0.02 ± 0.01 0.08 ± 0.03 0.03 ± 0.01  0.38 ± 0.23  0.31 ± 0.09
Glucoraphanin n.d.     0.49 ± 0.19 0.14 ± 0.02  2.39 ± 1.31  0.44 ± 0.11
Glucoiberin n.d. 0.09 ± 0.03 n.d.   1.81 ± 1.15   0.13 ± 0.02 
Glucocheirolin 0.09 ± 0.06  0.40 ± 0.06 0.26 ± 0.07   n.d.              0.07 ± 0.04
Glucosibarin n.d. 0.03 ± 0.01 n.d. 0.11 ± 0.08   0.02 ± 0.01
Gluconapoleiferin n.d. n.d. n.d.          0.14 ± 0.10 n.d.   
Gluconapin n.d.           0.15 ± 0.04  0.06 ± 0.02  1.78 ± 1.18 n.d.
Glucoalyssin n.d. 0.07±0.02 0.08 ± 0.03 0.03 ± 0.01 0.13 ± 0.02  
4-Methoxyglucobrassicinicin n.d.        n.d. n.d. 0.05 ± 0.03 n.d.            
Neoglucobrassiccin  n.d.  n.d. n.d.     n.d.   n.d. 
Glucobarbarin n.d. n.d.            n.d. 0.07 ± 0.04 n.d.
Total 34.16 ± 6.95 32.66 ± 4.89 42.74 ± 5.92 151.99 ± 71.53 47.71 ± 8.87  
aCommon name of glucosinolate , n.d. =  not detected  
Table 5.8  Glucosinolate contents in secondary branches at flowering stage among wild radish accessions from Georgia, North Carolina, and South
Carolina (Barnwell, Colleton, and Orangeburg).
Glucosinolate Glucosinolate Concentration (µmol g-1 ± Standard Error)
Georgia North Carolina South Carolina (Orangeburg) South Carolina (Colleton) South Carolina (Barnwell)
Glucoerucin 9.30 ± 1.13 0.95 ± 0.11 19.59 ± 1.59 22.77 ± 8.90  2.23 ± 0.91       
Glucoraphenin 7.88 ± 1.15 1.53 ± 0.21  8.44 ± 1.23        9.29 ± 1.60   5.89 ± 1.54      
Glucotropaeolin 1.40 ± 0.89 0.78 ± 0.53 1.37 ± 0.80      1.46 ± 1.14 1.72 ± 1.15       
Gluconasturtin 0.94 ± 0.13 n.d.            0.62 ± 0.05   1.03 ± 0.15 1.31 ± 1.04      
Glucobrassicin 2.57 ± 0.77  0.09 ± 0.04  6.61 ± 1.96 1.78 ± 0.91  1.92 ± 0.55       
Desulfo-4-hydroxy glucobrassicin 0.05 ± 0.01 n.d.   0.07 ± 0.02       0.10 ± 0.05 0.02 ± 0.01      
Glucoraphanin n.d. 0.04 ± 0.02  0.18 ± 0.02  0.09 ± 0.04 n.d.     
Glucoiberin 0.12 ± 0.02  0.05 ± 0.01  0.59 ± 0.07          0.07 ± 0.03 0.32 ± 0.08     
Glucocheirolin n.d.             n.d.            n.d.                    0.11 ± 0.05 n.d.                    
Glucosibarin n.d. n.d.   n.d. n.d. n.d.  
Gluconapoleiferin n.d. n.d.   0.07 ± 0.03 n.d. n.d.
Gluconapin n.d. n.d.   0.13 ± 0.01  0.08 ± 0.03 2.79 ± 1.09    
Glucoalyssin 0.19 ± 0.03 n.d.   n.d.  0.03 ± 0.01 n.d.
4-Methoxyglucobrassicin n.d. n.d.            . 0.05 ± 0.02  n.d.          n.d.     
Neoglucobrassiccin n.d.            n.d.            n.d.  n.d. n.d.                 
Glucobarbarin 0.06 ± 0.02 n.d.   n.d..  n.d.  n.d.
Total 22.52 ± 2.44 3.43 ± 0.78  37.73 ± 1.46    36.81 ± 11.36 16.27 ± 5.14   
aCommon name of glucosinolate , n.d. =  not detected 
Table 5.9.  Glucosinolate concentration in flowers at flowering stage among wild radish accessions from Maine, New York, Alabama, Florida, and
Mississippi.
Glucosinolate Glucosinolate Concentration (µmol g-1 ± Standard Error)
Maine New York Alabama Florida Mississippi
Glucoerucin 19.12 ± 2.52 10.71 ± 1.34 16.39 ± 2.57 103.26 ± 57.04 28.32 ± 1.49 
Glucoraphenin 38.69 ± 7.77 44.66 ± 9.99 14.04 ± 1.63 99.49 ± 48.82 19.55 ± 2.21 
Glucotropaeolin 1.07 ± 0.67 1.33 ± 1.17 0.94 ± 0.59 2.52 ± 1.64 0.44 ± 0.33 
Gluconasturtin 0.20 ± 0.03 0.16 ± 0.02 0.09 ± 0.02 1.65 ± 0.97 0.56 ± 0.15 
Glucobrassicin 1.24 ± 0.14 2.48 ± 1.41 0.42 ± 0.07 8.45 ± 3.68 5.86 ± 1.60 
Desulfo-4-hydroxy glucobrassicin 0.15 ± 0.02 0.16 ± 0.06 0.03 ± 0.01 0.12 ± 0.05 0.34 ± 0.09 
Glucoraphanin 0.66 ± 0.12 1.39 ± 0.28 0.38 ± 0.05 5.77 ± 3.77 1.91 ± 0.25 
Glucoiberin 0.11 ± 0.19 0.40 ± 0.12 0.02 ± 0.01 2.17 ± 1.48 0.30 ± 0.06 
Glucocheirolin 0.84 ± 0.17 3.01 ± 0.99 0.59 ± 0.05 n.d. 0.33 ± 0.22
Glucosibarin 0.10 ± 0.03 0.12 ± 0.02 n.d. 2.19 ± 1.33 0.45 ± 0.21
Gluconapoleiferin n.d. n.d. n.d. n.d. n.d.
Gluconapin 0.24 ± 0.01 0.33 ± 0.10 0.10 ± 0.03 1.09 ± 0.65 0.52 ± 0.11
Glucoalyssin 0.27 ± 0.07 0.80 ± 0.17 0.06 ± 0.02 n.d. 0.31 ± 0.14
4-Methoxyglucobrassicin n.d. 0.09 ± 0.04 n.d. 0.18 ± 0.10 0.03 ± 0.01
Neoglucobrassiccin n.d. n.d. n.d. n.d. n.d.
Glucobarbarin 0.08 ± 0.01 n.d. n.d. 0.18 ± 0.03 0.03 ± 0.01
Total 62.76 ± 7.19 65.63 ± 13.17 33.06 ± 4.12 227.07 ± 115.79 58.96 ± 3.85
aCommon name of glucosinolate , n.d. =  not detected 
Table 5.10.  Glucosinolate concentration in flowers at flowering stage among  of wild radish accessions from Georgia, North Carolina, and South
Carolina (Barnwell, Colleton, and Orangeburg).
Glucosinolate Glucosinolate Concentration (µmol g-1 ± Standard Error)
Georgia North Carolina South Carolina (Orangeburg) South Carolina (Colleton) South Carolina (Barnwell)
Glucoerucin 15.39 ± 1.02 1.81 ± 0.18 22.53 ± 2.47 17.13 ± 5.51 7.76 ± 1.22 
Glucoraphenin 41.18 ± 6.12 14.67 ± 1.891 19.36 ± 3.61 34.28 ± 9.93 24.45 ± 3.87 
Glucotropaeolin 1.68 ± 1.07 1.32 ± 0.96 1.05 ± 0.87 1.44 ± 1.02 1.72 ± 1.11
Gluconasturtin 0.42 ± 0.02 n.d. 0.38 ± 0.23 0.23 ± 0.08 0.14 ± 0.03 
Glucobrassicin 3.10 ± 1.16 0.07 ± 0.02 5.81 ± 2.29 1.70 ± 1.04 8.60 ± 3.10 
Desulfo-4-hydroxy glucobrassicin 0.15 ± 0.04 n.d. 0.18 ± 0.06 0.08 ± 0.04 0.25 ± 0.11 
Glucoraphanin 0.66 ± 0.12 0.40 ± 0.11 1.05 ± 0.16 0.79 ± 0.36 0.21 ± 0.03 
Glucoiberin 0.09 ± 0.02 0.43 ± 0.09 0.77 ± 0.37 0.12 ± 0.02 0.45 ± 0.11 
Glucocheirolin n.d. n.d. n.d. 0.39 ± 0.19 n.d.
Glucosibarin n.d. n.d. 0.29 ± 0.09 0.04 ± 0.02 n.d.
Gluconapoleiferin n.d. n.d. 3.07 ± 1.03 n.d. n.d.
Gluconapin n.d. 0.05 ± 0.01 0.16 ± 0.03 0.10 ± 0.05 0.38 ± 0.14
Glucoalyssin 0.08 ± 0.02 n.d. n.d. 0.32 ± 0.16 n.d.
4-Methoxyglucobrassicin n.d. n.d. 0.02 ± 0.01 n.d. n.d.
Neoglucobrassiccin n.d. n.d. n.d. n.d. n.d.
Glucobarbarin 0.08 ± 0.02 n.d. 0.38 ± 0.08 n.d. n.d.
Total 62.82 ± 5.16 18.76 ± 2.97 55.05 ± 5.51 56.62 ± 16.58 43.96 ± 8.19
aCommon name of glucosinolate detected , n.d. - not detected 
Table 5.11.  Comparison of total glucosinolates and glucosinolates converted to ITCs which are associated with herbicidal properties among different
accessions of wild radish at flowering stage.
Total GSLs GSLs Converting to
ITCs (µmol g-1)
Total GSLs GSLs Converting to
ITCs  (µmol)
Location Biomass (g)                        (µmol g-1)                                                        (µmol)                                   
Maine 15.01 a 179.24 bc 173.22 bc 2669 b 2579 c
New York 15.86 a 169.92 bc 155.58 bc 2730 b 2493 c
Alabama 17.88 a 137.19 c 132.03 c 2506 b 2408 c
Florida 16.96 a 413.44 a 384.28 a 6583 a 6132 a
Mississippi 17.63 a 342.09 ab 312.77 ab 6228 a 5077 ab
Georgia 16.99 a 130.2 c 120.14 c 2178 b 1993 c 
North Carolina 16.79 a 54.22 c 53.41 c 918 b 905 c
South Carolina (Barnwell) 14.6 a 137.54 c 113.3 c 1961 b 1601 c
South Carolina (Colleton) 14.96 a 181.51 bc 167.78 bc 2533 b 2314 c
South Carolina (Orangeburg) 16.47 a 178.48 bc 174.45 bc 2923 b 2862 bc
aMeans followed by same letter are not different using Fisher’s Protected LSD at α ≤0.05.
Figure 5.1: Cluster analysis of GSLs in roots of wild radish accessions, where A- Alabama, B- Barnwell, C-Colleton, F-
Florida, G- Georgia, M-Maine, N-North Carolina, S- Mississippi, O-Orangeburg, Y- New York
Figure 5.2: Cluster analysis of GSLs in leaves of wild radish accessions, where A- Alabama, B- Barnwell, C-Colleton, F-
Florida, G- Georgia, M-Maine, N-North Carolina, S- Mississippi, O-Orangeburg, Y- New York
Figure 5.3: Cluster analysis of GSLs in primary branches of wild radish accessions, where A- Alabama, B- Barnwell, C-
Colleton, F- Florida, G- Georgia, M-Maine, N-North Carolina, S- Mississippi, O-Orangeburg, Y- New York
Figure 5.4: Cluster analysis of GSLs in secondary branches of wild radish accessions, where A- Alabama, B- Barnwell, C-
Colleton, F- Florida, G- Georgia, M-Maine, N-North Carolina, S- Mississippi, O-Orangeburg, Y- New York
Figure 5.5: Cluster analysis of GSLs in flowers of wild radish accessions, where A- Alabama, B- Barnwell, C-Colleton, F-
Florida, G- Georgia, M-Maine, N-North Carolina, S- Mississippi, O-Orangeburg, Y- New York 
CHAPTER 6
USE OF WILD RADISH AND RYE COVER CROPS FOR WEED SUPPRESSION IN
SWEET CORN
Abstract
Field experiments were conducted near Blackville, SC, and Tifton, GA, in 2004 and
2005 to evaluate the effect of wild radish and rye cover crops on weed control and sweet
corn yield when used in conjunction with lower than recommended herbicide rates. 
Cover crop treatments included wild radish, rye, and no cover crop alone and in
conjunction with half and full rates of atrazine (0.84 and 1.68 kg ai ha-1) plus S-
metolachlor (0.44 and 0.87 kg ai ha-1) applied prior to sweet corn emergence.  Florida
pusley, large crabgrass, spreading dayflower, ivyleaf morningglory, and wild radish
infested the test sites.  Wild radish and rye cover crops without herbicides reduced total
weed density by 35% and 50% respectively at 4 wk after planting (WAP).  Wild radish in
conjunction with the full rate of atrazine plus S-metolachlor controlled  Florida pusley,
large crabgrass, and ivyleaf morningglory better than rye or no cover crop treated with a
full herbicide rate in 2004 at Blackville.  In 2005 at Blackville, weed control in sweet
corn following wild radish cover crop plots alone was not different from that following
rye.  Wild radish or rye in conjunction with a half or full rate of atrazine and S-
metolachlor controlled >95% Florida pusley, wild radish, and large crabgrass in sweet
corn at Tifton during both years.  Ten glucosinolates, potential allelopathic compounds
were identified in wild radish, including glucoiberin, progoitrin, glucoraphanin,
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glucoraphenin, glucosinalbin, gluconapin, glucotropaeolin, glucoerucin, glucobrassicin,
and gluconasturtin.  Sweet corn yields at Blackville and Tifton following wild radish or
rye cover crops were similar between the half and full rates of atrazine plus S-
metolachlor.  Sweet corn in wild radish or rye cover crop plots without herbicides
produced less marketable ears than herbicide-treated plots, indicating that a combination
of cover crops and herbicides are required to optimize yields and obtain desirable weed
control. 
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Introduction
Wild radish, a member of the Brassicaceae family, is a facultative winter annual that
germinates throughout fall and winter and matures from March to June in the
southeastern United States (Schroeder et al. 1989).   It is distributed throughout the
United States in all but 8 states (USDA National Resource Conservation Database 2007). 
Besides the United States, it is widespread in Australia, England, Kenya, and South
Africa (Cheam 1986).  
Allelopathy is defined as an interaction where one plant has a direct effect on another
through the release of chemical compounds from roots, shoots, leaves or flowers (Booth
et al. 2003; Rice 1995).  An aqueous extract from oven-dried biomass of wild radish
produced an allelopathic response to prickly sida (Sida spinosa L.), pitted morningglory
(Ipomoea lacunosa L.), and sicklepod (Senna obtusifolia L.) (Norsworthy 2003).  The
volatile compounds released from soil incorporated chopped tissues of  Brassicaceae
plants, such as white mustard (Sinapsis alba L.) brown mustard [Brassica juncea (L.)
Cross], black mustard [Brassica nigra (L.) Koch], leafy turnip (Brassica campestris L.),
rapeseed (Brassica napus L.), and garden cress (Lepidium sativum L.), inhibited seed
germination of hemp sesbania [Sesbania herbacea (P. Mill.) McVaugh] up to 100% 
(Vaughn and Boydston 1997) indicating an allelopathic response. 
Wild radish, like other Brassicaceae plants, produces glucosinolates (GSLs) (Cole
1976), which can be converted to isothiocyanates (ITCs) by myrosinase activity 
(Peterson et al. 2001).  ITCs and other products from GSLs have important pesticidal
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properties (Chew 1988).   ITCs can play a significant role in weed suppression (Peterson
et al. 2001; Norsworthy and Meehan 2005a,b), and have nematicidal, fungicidal
(Smolinska et al. 1997), and insecticidal properties (Borek et al. 1998).  The seedmeal of
some Brassicaceae species such as white mustard produces glucosinalbin, which is
hydrolyzed to the ionic form of 4-hydroxybenzyl ITC (SCN−), which is released within
48-h after incorporation of white mustard seedmeal (Borek and Morra 2005).  This ITC is
well known for its herbicidal properties.  Benzyl ITC when applied to soil at
concentrations ranging from 0 to 10,000 nmol g−1 reduced Texas panicum [Urochloa
texana (Buckl.) R. Webster], large crabgrass, and sicklepod densities by 68 to 93%
(Norsworthy and Meehan 2005 a).  A number of GSLs have been identified in wild
radish, namely glucocheirolin, glucoberteroin, and the aliphatic sinigrin, allyl, and
glucioberin (Cole 1976).  These GSLs are distributed in roots, shoots, and leaves of wild
radish and are stored in vacuoles (Belles 2002).  GSLs produced by Brassicaceae plants
are rapidly hydrolyzed to ITCs when tissues are macerated (Bones and Rossiter 1996). 
Suppression of soil-borne pests through production of allelochemicals produced from
green manure is known as ‘biofumigation’ (Brown and Morra 1997). 
Wild radish may be used as a cover crop in summer vegetables because of its
allelopathic and GSL production potential (Cole 1976; Norsworthy 2003).  Field corn
(Zea mays L.) has exhibited tolerance to wild radish in greenhouse experiments
(Norsworthy 2003); therefore, wild radish may be used as a component of an integrated
weed management system in field or sweet corn.  Brassicaceae plants such as rapeseed
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(Brassica napus) have been successfully used as green manure prior to planting potato
(Solanum tubersum L.) in the Pacific Northwest, reducing weed density and weed
biomass as much as 85 and 96%, respectively (Boydston and Hang 1995). The
Brassicaceae cover crops such as white mustard cover the ground quicker and produce
more biomass than cereal cover crops such as oats (Avena sativa L.) (Stivers-Young
1998).  Fall planted Brassicaceae cover crops limit the moisture for many winter weeds
by drying the soil surface quickly (Rogasik et al. 1992; Singh et al. 2006).  Hence, a
natural infestation of wild radish if properly managed may be effectively used as a
biofumigant in vegetable crops.  In addition to weed suppression, wild radish would offer
benefits similar to other cover crops such as reduced soil erosion, conservation of soil
moisture, and increased soil organic matter (Sojka et al. 1991).  
Rye is a commonly used cereal cover crop because of its allelopathic properties in
addition to providing a physical, weed suppressive mulch, resulting in suppression of
numerous weeds (Liebl et al. 1992).  The use of a rye cover crop with half the
recommended rate of atrazine plus metolachlor in sweet corn resulted in excellent control
of redroot pigweed (Amaranthus retroflexus L.) and yellow nutsedge (Cyperus esculentus
L.) in field experiments in Arkansas (Burgos and Talbert 1996).  The allelochemicals
BOA [(3H)-benzoxazolinone] and DIBOA [(2,4-dihydroxy-1,4-(2H) benzoxazine-3-one]
released from rye resulted in inhibition of small to medium seeded weed species such as
Palmer amaranth (Amaranthus palmeri S. Wats.), large crabgrass, goosegrass [Eleusine
indicia (L.) Gaertn.], and barnyardgrass [Echinochloa crus-galli (L.) Beauv.], whereas
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large-seeded crops such as cucurbits and sweet corn were tolerant (Burgos and Talbert
2000).  
Winter cover crops produce plant residues which can create an unfavorable
environment for weed emergence in early spring (Teasdale 1996).  These cover crops
provide early-season weed control and may reduce the quantity of herbicide needed for
effective weed control.  Wallace and Bellinder (1992) reported that a no-till rye cover
crop in conjunction with reduced rates of linuron, metolachlor, and metribuzin provided
>90% redroot pigweed control and >93% common lambsquarters (Chenopodium album
L.) control in sweet corn, snap beans (Phaseolus vulgaris L.), potato, and tomato
(Lycopersicon esculentum L.).  Rye without additional herbicides provided >70% weed
control for 6 weeks. 
Wild radish is abundant in most production fields throughout the southeastern United
States (Webster and MacDonald 2001) and due to its allelopathic potential (Norsworthy
2003) may be utilized as an additional weed management tool in sweet corn comparable
or superior to rye, allowing herbicide rates to be reduced while still maintaining effective
weed control.  Therefore, the objectives of this research were (a) to evaluate the effect of
wild radish and rye cover crops alone and in conjunction with reduced and full
recommended herbicide rates on weed control, and sweet corn vigor and yield and (b) to
quantify GSL production by wild radish.
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Materials and Methods
Field experiments were initiated at the Edisto Research and Education Center near
Blackville, SC and Coastal Plain Experiment Station near Tifton, GA in fall 2003 and
2004.  The test site near Blackville was in the same field both years and was a Dunbar
sandy loam with a pH of 6.0 and 0.6% organic matter.  The Tifton site was a Tifton sand
with pH of 5.9 and 1% organic matter in 2004 and Tifton sandy loam with a pH of 5.9
and 1.3% organic matter in 2005.  The experimental design was a split plot arrangement
of cover crops (main plot) and weed control (subplot), with four replications at both
locations.  
‘Wrenz’ rye and wild radish were seeded at 90 kg ha-1 and 34 kg ha-1, respectively on
March 1, 2004 and November 30, 2004 at Blackville.  The test area contained a natural
infestation of wild radish; but, plots were over seeded to ensure a uniform stand.  Wrenz
rye and a natural population of wild radish were used as cover crops at Tifton. Rye was
planted at 63 kg ha-1 on December 9, 2003 and November 5, 2004 at Tifton.  The major
weed species infesting the test sites included Florida pusley, large crabgrass, ivyleaf
morningglory, spreading dayflower, and wild radish.  These weeds were spread all across
the test sites both years.  There were other weeds present at the test sites but they were
very sparse, i.e. present in few plots and then absent in others.  These included Palmer
amaranth, yellow nutsedge, broadleaf signalgrass [Urochloa platyphylla (Nash) R.D.
Webster], Texas panicum and horseweed [Conyza canadensis (L.) Cronq] at the test sites. 
Plots were flail mowed to a height of 1 cm four wk before planting sweet corn at
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Blackville.  The cover crops were at flowering stage at the time of mowing. Glyphosate
was applied to kill the cover crops prior to planting sweet corn at Tifton in both years. 
‘Silver Queen’ sweet corn was strip-till seeded into mowed plots on May 7, 2004 and
April 22, 2005 at Blackville.  ‘Summer Sweet’ and ‘Prime Plus’ were planted on April 2,
2004 and April 4, 2005, respectively, at Tifton.  The plot size was 1.8 by 7.6 m at both
locations with 97-cm-wide rows.  Cover crop treatments included wild radish, rye, and
weedy cover crop plots, excluding wild radish.  Weed control treatments consisted of a
nontreated control, hand-weeded control, atrazine at 0.84 kg ai ha-1 plus S-metolachlor at
0.44 kg ai ha-1 (one-half rate) applied immediately after planting, and atrazine at 1.68 kg
ha-1 plus S-metolachlor at 0.87 kg ha-1 (full rate) applied immediately after planting.
Fertilizer was applied at 78 kg ha-1  N-P-K 1 month prior to planting corn at Blackville. 
All plots were side-dressed with 80 kg ha-1 N approximately 5 wk after corn emergence. 
Over-head irrigation was applied at Blackville during extended periods of no rainfall. 
Fertilizer was applied at 92 kg ha-1 N-P-K at planting and plots were side dressed with 31
kg ha-1 N at Tifton.  Irrigation was applied once weekly at Tifton.  
Cover crop and weed biomass were collected prior to terminating the cover crops at
Blackville.  Cover crop biomass was collected randomly from all the cover crop plots in 1
m2 quadrats.  Weed biomass was also randomly collected from the weedy cover plots in 1
m2 quadrats.  Cover crop and weed biomass were also collected at 2, 4, 6, and 8 wk after
sweet corn planting (WAP) at Blackville. Cover crop biomass from Blackville was oven-
dried at 66 C for 2 wk and dry weights recorded.  GSLs in root and shoot tissue from
129
Blackville were extracted and analyzed (Anonymous 1992).  Dried root and shoot tissue
were ground to pass through a 1 mm screen, and 300 mg of tissue was placed in a 20-ml
vial with 70% methanol (10 ml, HPLC grade) heated to 70 C.  Two surrogates (75 mL, 16
mM, sinigrin and glucotropaeolin) were added to each sample.  Samples were vortexed
and placed in a water bath at 70 C for 20 min.  Samples were again vortexed, cooled on
crushed ice for 10 min, and centrifuged at 3000 g for 5 min.  The supernatant (3 ml) was
added to an A-25 column (0.6 ml) and allowed to drip through slowly.  The column was
then washed with 1 ml distilled water followed by 1 ml of 0.02 M sodium acetate buffer
(pH 5).  The sephadex column was then layered with 100 mL of sulphatase (81 units)
which was capped after one drop of solution passed through the column.  After 24 h, the
desulphoglucosinolates were eluted from the column with 1 ml water and then brought up
to a 2-ml final volume with water.  Each sample was passed through a 0.2-mm filter into a
2-ml vial and desulphoglucosinolates were quantified by injecting 30 ml of the elutant
into an HPLC (1090 Hewlett Packard HPLC, Agilent Technologies, Wilmington, DE)
equipped with a diode array detector set at 229 nm.  A reverse-phase column (LiChrosorb
RP-18 column 150mm x 3.2 mm, 5 µ; Alltech Associates, Inc., Deerfield, IL) was used
for separation.  The mobile phase was 100% water for 5 min followed by a linear elution
gradient over the next 25 min to 65% water and 35% acetonitrile which was held for 3
min.  The solvent flow rate was 0.5 ml min-1.  GSLs were compared with known
standards and to a previously published report (Anonymous 1992) to ensure proper
identification.
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Weed densities by species in a 1 m2 quadrat in non-weeded plots were recorded every
two weeks.  Weed control was visually estimated by species on a scale of 0 to 100 where
0 equals no control and 100 equals complete control 2, 4, 6, and 8 WAP at Blackville.
Visual ratings of weed control were conducted in order to estimate the weed control by
herbicide treatments.  Sweet corn vigor was assessed on a similar rating scale on the same
day of weed control evaluations where 0 equals healthy plants and 100 equals plant death. 
Sweet corn vigor was estimated based on growth and coloration.   Weeds were removed
from hand-weeded plots at 2, 4, 6, and 8 WAP at Blackville, whereas at Tifton, weeds
were removed whenever weed control within a plot dropped below 85%.  Stand counts of
sweet corn plants per 1 m row and per 3 m row were taken at Blackville and Tifton,
respectively.  Height of sweet corn plants in 1 m row were taken at Blackville 2, 4, 6,  and
8 WAP , whereas height of 8 sweet corn plants were recorded at Tifton.  The plants were
harvested along with their roots after the measurements were taken.  The plants were
harvested along 1m row and 8 plants were harvested at Tifton.  Root length of sweet corn
plants was also recorded at Tifton every two weeks.  Weed biomass was collected from 1
m2 quadrats in the non-weeded plots at 2, 4, 6, and 8 WAP at Blackville.  The biomass
was oven-dried at 66 C for 2 wk and dry weights recorded.  Sweet corn ears were
harvested once at both locations.  Fresh corn ears per plot were counted, and yield was
recorded as total ears ha-1 and marketable ears ha-1 in Blackville, with marketable ears
being full size ears without insect damage.  Sweet corn yield was only recorded as
marketable ears ha-1 at Tifton. 
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A statistic model for a split plot design with repeated measures was created using
SAS (Statistical Analysis Systems®, version 9.1, SAS Institute Inc., Cary, NC)  that
included terms for the main plot factor cover crop and the subplot factor herbicide, the
repeated measure due to years, and all appropriate interactions.  The significance of these
main effects and interactions was analyzed using ANOVA.  If significant interactions
were found, means for individual year, cover crop, and herbicide combinations were
estimated separately.  If no significant interactions were found, main effect means were
estimated.  Fisher’s Protected LSD test was used to determine specific differences among
means.  All calculations were performed using SAS PROC MIXED and all tests used a =
0.05.  Assumptions for ANOVA were assessed and the data set appeared to satisfy these
assumptions.  
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Results and Discussion
Biomass Production
Cover crop biomass
The major weeds in the cover crop and weedy cover plots included Florida pusley, large
crabgrass, spreading dayflower, ivyleaf morningglory, and wild radish. The other weeds
present included yellow nutsedge, Palmer amaranth, broadleaf signalgrass, and
horseweed.  However, they were not uniformly distributed across the test sites.  The
quantity of cover crop biomass produced at Blackville did not differ between cover crops,
with rye producing 226 g m-2 and wild radish producing 255 g m-2 of biomass by sweet
corn planting, averaged over years (data not shown).  There was 183 g m-2 of weed
biomass without a cover crop at sweet corn planting (data not shown).  The weed biomass
in rye plots averaged 151 g m-2, and in wild radish plots, only 77 g m-2. 
Weed biomass
Weed biomass produced in sweet corn following the weedy cover, rye, and wild
radish treatments averaged 338, 236, and 213 g m-2 at 4 WAP, respectively (data not
shown).   Weed biomass in weedy cover, rye, and wild radish cover crop plots declined to
308, 75, and 102 g m-2 by 8 WAP likely because of the competitiveness of sweet corn
(data not shown).  Hence, rye and wild radish cover crops reduced weed biomass 68%
and 52%, respectively relative to weedy cover.  A rapeseed similarly reduced early season
weed biomass in potato 50 to 96% (Boydston and Hang 1995). 
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Weed Densities
Nontreated sweet corn plots at Blackville were infested with Florida pusley, large
crabgrass, spreading dayflower, and ivyleaf morningglory in both years and wild radish in
2005.  The wild radish and rye cover crops reduced Florida pusley and total weed density
in sweet corn through 4 WAP (Table 6.1).  Florida pusley densities were reduced 63% by
rye and 55% by wild radish 4 WAP.  Large crabgrass, spreading dayflower, and ivyleaf
morningglory densities were similar among cover crops at 4 WAP, but density of these
weeds was less than that of Florida pusley which made it difficult to detect potential
differences among cover crop treatments. Total weed density was reduced 50% by rye
and 35% by wild radish 4 WAP.  The effect of cover crops in reducing weed density was
short lived as evidenced by weed densities being similar among cover crops for all weed
species by 8 WAP (Table 6.1).  Hence, wild radish and rye cover crops alone may provide
initial weed suppression, but additional weed management will be needed.  Other
Brassicaceae cover crops such as winter rapeseed (Brassica napus L. var. Jupiter) have
been found to reduce weed densities as much as 85% in potato (Boydston and Hang
1995).  Additionally, rye and rye plus hairy vetch (Vicia villosa Roth) cover crops
reduced redroot pigweed density 50% in sweet corn (Burgos and Talbert 1996).  Yellow
mustard (Sinapis alba L. var. Idagold), canola (Brassica napus L. var. Hyola), and winter
rapeseed (Brassica napus L. var. Dwarf essex) cover crops reduced common
lambsquarters, redroot pigweed, and wild mustard (Sinapis arvensis L.) densities up to
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34% (Haramoto and Gallandt 2005), a level of early season control similar to that
observed in these trials.  Similarly, Al-Khatib et al. (1997) reported that mustard (S. alba)
biomass reduced early season weed density in green pea (Pisum sativum L.) by 17%. 
Weed Control  
Although some initial reduction in weed density occurred through 4 WAP, remaining
weeds flourished in the absence of a herbicide.  There was a location by year interaction
for all weed species; therefore, data were analyzed separately by years for both Blackville
and Tifton.  There was a cover crop by herbicide interaction for control of Florida pusley,
large crabgrass, spreading dayflower, wild radish, and ivyleaf morningglory at Blackville. 
Similarly, there was a cover crop by herbicide interaction for control of Florida pusley,
wild radish, and large crabgrass at Tifton. 
Florida pusley control
Florida pusley was present at both Blackville and Tifton during 2004 and 2005
(Tables 6.2 and 6.3).  The rye cover crop alone at both locations in either year provided
less than 55% Florida pusley control at 4 or 8 WAP.  Similar results occurred for wild
radish alone, except in 2005 at Tifton when Florida pusley control was 92% at 4 WAP
and 90% at 8 WAP.  Although not quantified, it is possible that glucosinolate production
in wild radish was much higher at Tifton in 2005 than at the other sites and years,
resulting in improved weed suppression by the wild radish cover crop.  This could also be
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attributed to greater wild radish biomass produced that year.  Glucosinolate production in
Brassicaceae plants is strongly dependent upon environmental conditions during
development (Charron et al. 2005), and may have caused the improved effectiveness of
the wild radish cover crop at Tifton in 2005.
Wild radish or rye in conjunction with the half rate of atrazine plus S-metolachlor
controlled 64 to 86% of Florida pusley 4 WAP at Blackville over both years.  At Tifton,
the reduced rate of atrazine plus S-metolachlor controlled Florida pusley extremely well
(≥93% at 4 WAP both years), regardless of cover crop.  Increasing the atrazine plus S-
metolachlor rate did not improve Florida pusley control at Tifton at 4 and 8 WAP, but the
higher rate did improve control at Blackville, especially at 8 WAP.  In other research, a
rye cover crop in conjunction with reduced rates of linuron, metolachlor, and metribuzin
controlled redroot pigweed and common lambsquarters well in sweet corn (Wallace and
Bellinder 1992).  In Arkansas, a rye cover crop in conjunction with atrazine plus
metolachlor controlled redroot pigweed and Palmer amaranth season long in sweet corn
(Burgos and Talbert 1996).
Large crabgrass control
 Large crabgrass was present at Blackville in 2004 and 2005 and present only at Tifton in
2005 (Tables 6.2 and 6.3).  At both sites, rye alone controlled large crabgrass less than
50%.  At Blackville, wild radish alone controlled large crabgrass no more than 59%, but
at Tifton in 2005, large crabgrass control was 76% at 4 WAP.  The addition of the
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reduced rate of atrazine plus S-metolachlor to wild radish or rye cover crops controlled
large crabgrass at least 77% through 4 WAP.  Further increasing the rate of atrazine plus
S-metolachlor did not improve large crabgrass control in wild radish or rye plots at 4
WAP, but the higher rate did improve control at Blackville at 8 WAP.  Burgos and
Talbert (1996) reported that rye and wheat (Triticum aestivum L.) cover crops in
conjunction with half recommended rates of atrazine plus metolachlor (1.1 kg ha-1 and 1.1
kg ha-1) controlled goosegrass season long. 
Wild radish control 
Although wild radish was used as a ‘natural’ cover crop in this research, it also
emerged in the sweet corn crop at Blackville in 2005 and at Tifton in 2004 and 2005
(Tables 6.2 and 6.3).  Hence, wild radish was considered a weed that needed to be
controlled and thus, ratings were taken to determine the effectiveness of each cover crop
and herbicide program for control of wild radish.  Wild radish control did not differ
between wild radish and rye plots without herbicides at Blackville, ranging from 70 to
75% control at 4 WAP.  At Tifton in 2004, rye alone was more effective than the wild
radish cover crop in controlling wild radish.  Conversely, the wild radish cover crop was
superior to rye in 2005 at Tifton for controlling wild radish.  The addition of atrazine plus
S-metolachlor to all cover crop treatments controlled at least 83% of the wild radish, with
no differences in control between rates within each location and year at 4 and 8 WAP.
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Spreading dayflower control
Spreading dayflower was present only at Blackville in 2004 and 2005 (Table 6.2).  The
wild radish or rye cover crop alone did not control spreading dayflower through 4 WAP. 
In both years, wild radish in conjunction with the half rate of atrazine plus S-metolachlor
controlled at least 80% of spreading dayflower through 4 WAP.  Increasing the atrazine
plus S-metolachlor rate did not improve spreading dayflower control at 4 WAP, but it did
improve control at 8 WAP. 
Ivyleaf morningglory control 
Ivyleaf morningglory was present at the test site at Blackville both years (Table 6.2). 
Similar to other weeds studied, atrazine plus S-metolachlor was needed for acceptable
ivyleaf morningglory control.   The use of atrazine plus S-metolachlor in wild radish or
rye plots controlled ivyleaf morningglory at least 80% at 4 WAP, with no difference in
control between rates.  The higher rate of atrazine plus S-metolachlor provided superior
ivyleaf morningglory control at 8 WAP. 
Glucosinolate Production
A total of ten GSLs were identified in wild radish from Blackville namely glucoiberin
[3-(methylsulfinyl) propyl], progoitrin [(2R)-2-hydroxybut-3-enyl], glucoraphanin [4-
(methylsulfinyl) propyl], glucoraphenin [4-(methylsulfinyl) but-3-enyl], glucosinalbin (p-
hydroxybenzyl), gluconapin [but-3-enyl], glucotropaeolin (benzyl), glucoerucin [4-
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(methylthio) butyl], glucobrassicin [3-indoylmethyl], and gluconasturtin (2-phenylethyl)
(Table 6.4).  In general, identified GSLs that were produced in 2004 were also present in
2005, with the exception of glucoraphanin, glucoraphenin, and glucoerucin which were
not produced in 2005.   Differences in environmental conditions have previously been
shown to affect GSL occurrence and production (Ju et al. 1980).   In addition to
environmental affects on GSLs, Norsworthy et al. (2007) also found GSLs to differ
between roots and shoots of Brassicaceae cover crops.  Furthermore, in the same research,
not all GSLs were detected in both years of the study, again, evidence of environmental
regulation of GSLs.  Glucoraphenin was only produced in 2004, comprising 18% of the
total GSLs.  Glucotropaeolin was the prominent GSL produced in 2005, comprising
10.2% of the total GSLs.  Wild radish produced 4.3 μmol g-1 (2092 μmol m-2) and 1.12
μmol g-1 (545.9 μmol m-2) glucoraphenin and glucotropaeolin, respectively, in 2004 and
2.09 μmol g-1 (649.2 μmol m-2) of glucotropaeolin in 2005.  Other GSLs ranged from 0.03
μmol g-1 to 0.4 μmol g-1 (14.5 to 196.5 μmol m-2) in 2004 and 0.04 to 0.31 μmol g-1 (13.2
to 94.9 μmol m-2) in 2005.  Greater total GSL production incorporated in soil in 2004
(11206.7 µmol m-2) compared with 2005 (6382.4 µmol m-2) was partially due to more
wild radish biomass in 2004 than 2005.  However, total GSLs per gram of wild radish
were 23.06 µmol g -1 in 2004 compared to 20.52 µmol g-1 in 2005, which were not
statistically different.  Kirkegaard and Sarwar (1998) previously reported 18 different
GSLs were produced in roots and shoots of 13 Brassicaceae species.  These included
GSLs glucoiberin, glucoerucin, glucoraphanin, gluconapin, progoitrin, gluconasturtin,
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glucotrapaeolin, and glucobrassicin identified in this study of wild radish.  GSLs
produced ranged from 0.1 µmol g-1 glucoraphanin in winter rape (Brassica napus L. var.
annua) to a high of 34.8 µmol g-1 gluconapin in wild turnip (Brassica tornefortii Gouan)
(Kirkegaard and Sarwar 1998).  GSLs undergo hydrolysis in the presence of enzyme
myrosinase to release ITCs, which have herbicidal properties (Norsworthy and Meehan
2005 a,b).  The GSLs glucoiberin, glucoerucin, glucoraphanin, gluconapin,
gluconasturtin, and glucotrapaeolin have been shown to hydrolyze to form ITCs which
have potential herbicidal properties and can potentially be used as biofumigants
(Kirkegaard and Sarwar 1998).  The ITCs hydrolyzed from glucoerucin, glucotrapaeolin,
glucoiberin, gluconapin, and glucoraphenin include erucin, benzene acetonitrile, iberin, 4-
butenyl ITC, and sulforaphene respectively (Vaughn et al. 2006).  These GSLs were
identified in seed meals of 15 different plant species and the ITCs inhibited the
germination of sicklepod (Vaughn et al. 2006).  Similarly, benzyl, phenylethyl, 3-butenyl,
and 4-pentenyl ITC produced by hydrolysis of glucotropaeolin, gluconasturtin,
gluconapin, and glucobrassicanapin were shown to inhibit the mycelial growth of cereal
root pathogens (Sarwar et al. 1998).  Hence, the GSLs glucoerucin, glucotrapaeolin,
glucoiberin, gluconapin, and glucoraphenin identified in wild radish may have potential
herbicidal activity for weeds in vegetables which may provide some weed control without
affecting yields.  
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Sweet Corn Injury, Height, and Root Length  
Sweet corn emergence was not affected by cover crop and herbicide program. 
Furthermore, there was no cover crop by herbicide interaction for sweet corn height at
either location.  Sweet corn heights differed among cover crops at Blackville, but not at
Tifton (Table 6.5).  Sweet corn height at Blackville in rye plots was similar to that
without a cover crop, but sweet corn was 2 cm taller in wild radish plots than in rye and
no cover crop plots at 4 WAP.  The shorter sweet corn in rye compared with wild radish
may be due to either an allelopathic effect from the rye cover crop (Barnes and Putnam
1986) or some beneficial effect due to the wild radish.  It was concluded that wild radish
does not negatively affect sweet corn growth under field conditions. 
Averaged over cover crops, herbicide programs had no effect on sweet corn height at
Blackville and Tifton.  No injury to sweet corn plants was observed from both half and
full rates of atrazine plus S-metolachlor with any cover crop (data not shown), which was
expected because both herbicides are labeled as preemergence in sweet corn. 
There was no significant cover crop by herbicide program interaction for root lengths
at Tifton, averaged over years, but the main effects of cover crop and herbicide program
were significant at 4 and 8 WAP.  Sweet corn root lengths were greater in wild radish
plots compared with rye and no cover crop plots at 4 WAP (Table 6.6).  By 8 WAP,
sweet corn roots in both wild radish and rye plots were approximately 10% longer than
those without a cover crop.  
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Averaged over cover crops, the low and high rate of atrazine plus S-metolachlor and
hand weeded plots had root lengths of 24 to 25 cm compared with 22-cm root lengths in
nontreated plots 8 WAP (Table 6.6).  The reduced root lengths in nontreated plots is
attributed to weed competition.
   
Sweet Corn Yield
The cover crop by herbicide program by year by location interaction was significant for
sweet corn yields; hence, sweet corn yields were analyzed separately for Blackville and
Tifton locations.  The cover crop by herbicide program by year interaction was
nonsignificant at Blackville and Tifton; therefore, sweet corn yields were pooled across
years.
At Blackville, sweet corn in wild radish and rye plots in conjunction with half and full
rates of atrazine plus S-metolachlor produced 30,000 to 34,000 ears ha-1, whereas weedy
cover plots with half and full rates of herbicide produced 11,000 and 16,000 ears ha-1
(Table 6.7).  Handweeded plots had comparable yields regardless of cover crop treatment. 
Sweet corn in wild radish plots with no herbicide produced a greater number of ears
(21,000 ears ha-1) compared with rye and weedy cover plots, which produced 9,000 and
7,000 ears ha-1, respectively. The yields were lower in weedy cover plots compared to rye
and wild radish cover crop plots.  This may be due to the weed competition and early
season weed control in wild radish and rye cover crop plots.  In previously published
research, sweet corn following rye cover crop in conjunction with half and full rates of
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atrazine plus metolachlor yielded similar to sweet corn following a full herbicide rate
without a cover crop (Burgos and Talbert 1996).  Similarly, potato planted following a
rapeseed green manure yielded 17% more tuber weight compared with no rapeseed
(Boydston and Hang 1995).   
At Tifton, all plots treated with half and full rates of atrazine plus S-metolachlor
produced 56,000 to 65,000 ears ha-1, regardless of cover crop treatment.  Handweeded,
wild radish plots produced 74,000 sweet corn ears ha-1, which was greater than
handweeded, rye plots (63,000 ears ha-1) and handweeded, weedy cover plots (67,000 ears
ha-1).  Sweet corn in rye and wild radish plots without herbicide produced 42,000 and
38,000 ears ha-1, respectively compared with 26,000 ears ha-1  produced in weedy cover
plots without herbicide.  Burgos and Talbert (1996) similarly reported that half rates of
atrazine plus metolachlor were required to provide season long weed control and optimize
sweet corn yields.  The yields were higher at Tifton than at Blackville because of greater
corn earworm [Heliothis zea (Boddie)] damage at Blackville.  The ‘Prime Plus’ corn
planted at Tifton was resistant to the corn earworm, whereas the ‘Silver Queen’ sweet
corn planted at Blackville was not resistant to corn earworm, resulting in a reduction in
the number of marketable ears at Blackville. The corn earworms were not controlled at
Blackville because measurements were being taken to determine whether the cover crops
had any influence on the population of corn earworm.  The yield was less in weedy plots
because of competition from the uncontrolled weeds compared to the handweeded plots,
low rates, and full rates of herbicides.  
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Overall the results indicate that cover crops alone did not provide sufficient weed
control to prevent sweet corn yield loss.  Wild radish and rye without herbicides reduced
the density of Florida pusley as much as 65%, whereas total weed density was reduced up
to 50% at 4 WAP.  Atrazine plus S-metolachor at half the recommended rates controlled
early season weeds, resulting in sweet corn yields comparable to the full rate treatments
with the same herbicides.  Sweet corn following wild radish and rye treated with half and
full rates of atrazine plus S-metolachlor produced comparable yields.  These results are
similar to those reported by Burgos and Talbert (1996) where rye and rye plus hairy vetch
reduced redroot pigweed density early in the season, and when used in conjunction with
half rates of atrazine plus metolachlor provided season long weed control and optimum
sweet corn yields.  With the presence of wild radish in many production fields throughout
the southeastern United States, wild radish can serve as a natural cover crop providing
weed suppression in sweet corn equivalent to that of a rye cover crop early in the growing
season.  Furthermore, atrazine plus S-metolachlor rates can be reduced when using a wild
radish or rye cover crop without sacrificing sweet corn yield, making these cover crops an
important component of an integrated approach to weed management in sweet corn. 
144
Literature Cited
Al-Khatib, K., C. Libbey, and R. Boydston.  1997. Weed suppression with Brassica green
manure crops in green pea.  Weed Sci. 45:439-445.
Anonymous.  1992. Rapeseed determination of glucosinolate content-Part I: Method
using high-performance liquid chromatography.  International Standard: Reference
number ISO 9167-1,1992(E).
Barnes, J. P. and A. R. Putnam.  1986. Evidence for allelopathy by residues and aqueous
extracts of rye. Weed Sci. 34:384-390.
Belles, D.  2002. Glucosinolate biosynthesis, genetics, and allelopathic potential. 
http://www.colostate.edu/Depts/Entomology/courses/en570/papers_2002.htm. 
Accessed: September 13, 2004. 
Booth, B. D., S. D. Murphy, and C. J. Swanton.  2003. Interactions between populations
I: competition and allelopathy.  In Weed ecology in natural and agricultural systems.
Page 126. CABI publishing, Cambridge, MA. 
Bones, A. M.; Rossiter, J. T.  1996. The myrosinase-glucosinolate system, its
organization and biochemistry.  Plant Physiol. 97: 194-208.
Borek, V., L. R. Elberson, J. P. McCaffrey, and M. J. Morra.  1998. Toxicity of
isothiocyanates produced by glucosinolates in Brassica sp. to black vine weevil eggs.
J. Agric. Food Chem. 46:5318-5323.
Borek, V. and M.J. Morra.  2005. Ionic thiocyanate (SCN−) production from 4-
hydroxybenzyl glucosinolate containedin Sinapsis alba seed meal.  J. Agric. Food
Chem. 53:8650-8654.
Boydston, R. A. and A. Hang.  1995. Rapeseed (Brassica napus) green manure supresses
weeds in potato (Solanum tuberosum). Weed Technol. 9:669-675.
Brown, P. D. and M. J. Morra.  1997. Control of soil-borne plant pests using
glucosinolate-containing plants. Adv. Agron. 61:168-231.
Burgos, N. R. and R. E. Talbert.  1996. Weed control and sweet corn (Zea mays var.
rugosa) response in no-till system with cover crops. Weed Sci. 44:355-361.
145
Burgos, N. R. and R. E. Talbert.  2000. Differential activity of allelochemicals from
Secale cereale in seedling bioassays. Weed Sci. 48:302-310.
Charron, C. S., A. M. Saxton, and C. E. Sams.  2005. Relationship of climate and
genotype to seasonal variation in the glucosinolate-myrosinase system. I. Glucosinolate
content in ten cultivars of Brassica oleracea grown in fall and spring seasons. J. Sci.
Food Agric. 85:671-681.
Cheam, A. H.  1986. Seed production and seed dormancy in wild radish (Raphanus
raphanistrum) and some possibilities for improving control.  Weed Res. 26:405-413.
Chew, F. S.  1988. Biological effects of glucosinolates. In Biologically active natural
products: Potential use in agriculture (H.G. Cutler ed). Pp 155-181.  Am. Chem. Soc.,
Washington DC. 
Cole, R. A. 1976.  Isothiocyanates, nitriles, and thiocyanates as products of autolysis of
glucosinolates in cruciferae.  Phytochem. 15:759-762.
Haramoto, E. R. and E. R. Gallandt. 2005. Brassica cover cropping: I. Effects on weed
and crop establishment. Weed Sci. 53:695-701.
Ju, H. Y., C. Chong, B. B. Bible, and W. J. Mullin.  1980. Seasonal variation in
glucosinolate composition of rutabaga and turnip. Can. J. Plant Sci. 60:1295-1302.
Kirkegaard, J.A. and M. Sarwar.  1998. Biofumigation potential of brassicas; I. Variation
in glucosinolate profiles of diverse field-grown brassicas. Plant Soil 201:71-89.
Liebl, R. A., F. W. Simmons, L. M. Wax, and E. W. Stoller.  1992. Effect of rye (Secale
cereale) mulch on weed control and soil moisture in soybeans (Glycine max). Weed
Technol. 6:838-846.
Norsworthy, J. K. 2003. Allelopathic potential of wild radish (Raphanus raphanistrum). 
Weed Technol. 17:307-313.
Norsworthy, J. K. and J. T. Meehan, IV.  2005a. Herbicidal activity of eight
isothiocyanates on Texas Panicum (Panicum texanum), large crabgrass (Digitaria
sanguinalis), and sicklepod (Senna obtusifolia).  Weed Sci. 53:515-520.
Norsworthy, J. K., M. S. Malik, P. Jha, and M. B. Riley.  2007. Suppression of Digitaria
sanguinalis and Amaranthus palmeri using autumn-sown glucosinolate-producing
cover crops in organically grown bell pepper. Weed Res. 47:425-432.
146
Norsworthy, J. K. and J. T. Meehan, IV.  2005b. Use of isothiocyanates for suppression
of Palmer amaranth (Amaranthus palmeri), pitted morningglory (Ipomoea lacunosa),
and yellow nutsedge (Cyperus esculentus).  Weed Sci. 53:884-890.
Peterson, J., R. Belz, F. Walker, and K. Hurle.  2001. Weed Suppression by release of
isothiocyanates from turnip-rape mulch. Agron. J. 93:37-43.
Rice, E. L.  1995. Biological control of weeds and plant diseases: Advances in applied
allelopathy. Univ. of Oklahoma Press, Norman, OK, 439 pp. 
Rogasik, J., M. Smukalski, and S. Obenauf.  1992. Cover crops on sandland in Germany:
Husbandry and fate of nitrogen. Asp. Appl. Biol. 30:309-316.
Sarwar, M., J.A. Kirkegaard, P.T.W. Wong, and J.M. Desmarchelier.  1998.
Biofumigation potential of brassicas; III In vitro toxicity of isothiocyanates to soil-
borne fungal pathogens. Plant Soil. 201:103-112.
Schroeder, J.  1989. Wild radish (Raphanus raphanistrum) control in soft red winter
wheat (Triticum aestivum). Weed Sci. 37:112-116.
Singh, H. P., D. R. Batish, R. K. Kohli.  2006. Handbook of Sustainable weed
management. Haworth Press, Binghamton, NY, 79 pp.
Smolinska, U., G. R. Knudsen, M. J. Morra, and V. Borek.  1997. Inhibition of
Aphanomyces euteiches f. sp. pisi by volatiles produced by hydrolysis of Brassica
napus seed meal. Am. Phytopath. Soc. 81:288-292.
Sojka, R. E., D. E. Karlen, and W. J. Busscher.  1991. A conservation tillage update from
the Coastal Plain Soil and Water Conservation Research Center of South Carolina: a
review of previous research. Soil Tillage Res. 21:361-376.
Stivers-Young, L.  1998. Growth, nitrogen accumulation, and weed suppression by fall
cover crops following early harvest of vegetables. Hort. Sci. 33:60-63.
Teasdale, J. R.  1996. Contribution of cover crops to weed management in sustainable
agricultural systems. J. Prod. Agric. 9:475-479.
USDA National Resource Conservation Service 2007. Plant profile for wild radish
(Rapahanus raphanistrum L.).  http://plants.usda.gov/java/nameSearch; Accessed:
November 29, 2007. 
147
Vaughn, S. F. and R. A. Boydston.  1997. Volatile allelochemicals released by crucifer
green manures. J. Chem. Ecol. 23:2107-2115.
Vaughn, S.F., D.E. Palmquist, and S.M. Duval.  2006. Herbicidal activity of
glucosinolate-containing seedmeals. Weed Sci. 54:743-748.
Wallace, R. W. and R. R. Bellinder.  1992. Alternative tillage and herbicide options for
successful weed control in vegetables.  Hort. Sci. 27:745-749.
Webster, T. M. and G. E. MacDonald.  2001. A survey of weeds in various crops in
Georgia. Weed Technol. 15:771-790.
148
Table 6.1. Effect of cover crop on Florida pusley (RCHSC), wild radish (RAPRA), large crabgrass (DIGSA), ivyleaf
morningglory (IPOHE), and spreading dayflower (COMDI) density in nontreated plots at 4 and 8 wk after planting (WAP)
sweet corn at Blackville, SC, averaged over 2004 and 2005.
4 WAP 8 WAP
Cover cropa RCHSC DIGSA COMDI IPOHE RAPRAb Total RCHSC DIGSA COMDI IPOHE RAPRA Total
                                                                         number m-2                                                                                        
Weedy cover 101c a 28 a 4 a 2 a 6 b 150 a 48 a 36 a 5 a 4 b 1 a 110 a
Rye 37 b 18 a 7 a 3 a 7 ab 75 b 32 a 46 a 10 a 11 a 1 a 116 a
RAPRA 46 b 24 a 7 a 2 a 11 a 98 b 34 a 47 a 7 a 3 b 1 a 107 a
     
a Treatments, where‘Weedy cover’ is no cover crop, ‘Rye’ is a rye cover crop, and ‘RAPRA’ is a wild radish cover crop.
b Means for ‘RAPRA’ weed densities are only presented for 2005 as RAPRA densities were only recorded in 2005.
cFor each cover crop and weed,  means within a column followed by same letter are not significantly different based on
Fisher’s Protected LSD at α = 0.05. 
Table 6.2. Effect of cover crop and herbicide treatment on Florida pusley (RCHSC), large crabgrass (DIGSA), spreading
dayflower (COMDI), entireleaf morningglory (IPOHE), and wild radish (RCHSC) control at 4 and 8 wk after planting (WAP)
sweet corn at Blackville, SC.
2004 2005
4 WAP 8 WAP 4 WAP 8 WAP
Cover cropa Herbicide
treatmentb
RCHSC DIGSA COMDI IPOHE RCHSC DIGSA COMDI IPOHE RCHSC DIGSA COMDI IPOHE RAPRA RCHSC DIGSA COMDI IPOHE RAPRA
                                                                                                                         % Control                                                                                                                                      
Weedy
cover
W 0 dc 0 c 0 d 0 d 0 f 0 d 0 e 0 f 13 d 8 d 6 f 5 d 21 c 18 e 9 d 6 e 10 e 83 c
LR 54 bc 58 ab 88 ab 79 ab 46 b 26 c 65 b 54 c 71 b 70 b 74 d 76 b 76 ab 46 d 63 b 80 b 65 c 88 bc
FR 79 ab 73 ab 98 a 91 a 65 c 44 b 83 a 71 b 75 b 84 ab 89 bc 80 b 84 ab 89 ab 88 a 93 a 88 ab 93 ab
Rye W 41 c 49 b 40 c 28 c 23 e 19 c 21 d 30 de 61 c 33 c 70 d 61 c 70 ab 21 e 6 d 14 e 13 e 83 c
LR 64 bc 77 ab 71 abc 83 ab 44 de 39 b 24 cd 24 e 76 b 91 a 93 abc 80 b 87 ab 58 c 64 b 66 c 73 bc 90 ab
FR 78 ab 83 a 95 a 88 ab 59 c 45 b 35 c 33 d 86 a 95 a 96 a 84 ab 90 a 93 a 92 a 92 a 94 a 96 a
RAPRA W 61 bc 59 ab 51 bc 66 b 24 e 8 d 20 d 35 d 55 c 44 c 44 e 55 c 75 ab 23 e 20 c 39 d 33 d 94 ab
LR 80 ab 79 ab 80 ab 90 ab 41 cd 26 c 59 b 84 a 86 a 86 ab 88 c  80 b 83 ab 63 c 64 b 61 c 66 bc 90 b
FR 95 a 85 a 97 a 92 a 80 a 91 a 81 a 88 a 86 a 91 a 95 ab 90 a 90 a 84 b 93 a 93 a 81 ab 92 ab
    a  Cover crop treatments where ‘Weedy cover’ is no cover crop, ‘Rye’ is  rye cover crop, and ‘RAPRA’ is  wild radish cover crop.
    b  ‘W’ is no herbicide treatment,‘LR’ is  half rate of atrazine (0.84 kg ai ha-1) plus S-metolachlor (0.44 kg ai ha-1), and ‘FR’ is a full rate of atrazine (1.68 kg ha-1 ) plus S-metolachlor (0.87
kg ha-1).
    cCover crop and herbicide treatment means within a column followed by same letter are not significantly different based on Fisher’s Protected LSD at α = 0.05.
Table 6.3. Effect of cover crop and herbicide treatment on Florida pusley (RCHSC), wild
radish (RAPRA), and large crabgrass (DIGSA) control at 4 and 8 wk after planting
(WAP) sweet corn at Tifton, GA.
2004 2005
4 WAP 8 WAP 4 WAP 8 WAP
Cover cropa Herbicide
treatmentb
RCHSC RAPRA RCHSC RAPRA RCHSC RAPRA DIGSA RCHSC RAPRA DIGSA
                                            % Control                                                  
Weedy cover W 0 dc 0 d 0 c 0 d 0 e 0 d 0 e 0 c 0 d 0 c
LR 99 a 99 a 97 a 100 a 97 ab 99 a 83 ab 92 ab 95 a 56 b
FR 99 a 99 a 100 a 100 a 98 a 99 a 90 bc 97 a 93 ab 75 a
Rye W 54 b 64 b 30 b 67 b 15 d 30 c 19 d 0 c 0 d 13 c
LR 99 a 99 a 100 a 100 a 94 abc 99 a 91 ab 88 b 88 ab 75 a
FR 99 a 99 a 100 a 100 a 95 bc 99 a 93 a 94 ab 91 ab 81 a
RAPRA W 38 c 31 c 23 b 23 c 92 c 86 b 76 c 90 ab 76 c 58 b
LR 99 a 97 a 98 a 97 a 97 ab 98 a 95 a 92 ab 88 ab 78 a
FR 99 a 99 a 100 a 100 a 97 ab 98 a 90 ab 88 b 86 b 71 ab
    aCover crop treatments,  ‘Weedy cover’ is no cover crop, ‘Rye’ is a rye cover crop, and
‘RAPRA’ is a wild radish cover crop.
    b Herbicide treatments, ‘W’ is a no herbicide treatment,‘LR’ is a half rate of atrazine
(0.84 kg ai ha-1) plus S-metolachlor  (0.44 kg ai ha-1) and ‘FR’ is a full rate of atrazine at
(1.68 kg ha-1) plus S-metolachlor (0.87 kg ha-1).
    cCover crop and herbicide treatment means within a column followed by same letter
are not significantly different based on Fisher’s Protected LSD at α = 0.05.
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Table 6.4. Glucosinolates detected in tissues of wild radish harvested in summer 2004
and 2005 at Blackville, SC.
Concentration
2004 2005
Glucosinolate μmol g-1 Std errora μmol m-2 Std error μmol g-1 Std error μmol m-2 Std error
Glucoiberin  0.03 0.01 14.5 5.1 0.31 0.14 94.9 45.2
Progoitrin 0.06 0.01 27.2 3.2 0.23 0.13 72.2 39.2
Glucoraphanin  0.27 0.02 130.2 11.9 NDb        ND        
Glucoraphenin 4.3 0.54 2091.7 261.4 ND        ND        
Glucosinalbin 0.14 0.01 70.4 2.3 0.07 0.04     23 13.7
Gluconapin 0.03 0.01 16.6 2.5 0.04 0.01 13.2 3.3
Glucotropaeolin 1.12 0.99 545.9 482.1 2.09 2.09 649.2 486.9
Glucoerucin      0.2 0.05 99.6 26.3 ND        ND        
Glucobrassicin 0.24 0.04 116.3 18 0.04 0.01 12.2 2.8
Gluconastrutin 0.4 0.04 196.5 17.8 ND        ND        
Otherc 16.26 2.58 7902.4 3 17.7 5.27 8621.6 2561.3
Total 23.06 3.2 11206.7 1456.9 20.52 3.88 6382.4 1205.8
   a Standard error of each mean is included for each glucosinolate where n = 4. 
  b ND,  None detected.
  c Other glucosinolates include the glucosinolates that were not identified.
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Table 6.5. Effect of cover crop and herbicide treatment on sweet corn height at 4 wk after
planting at Blackville, SC and Tifton, GA, averaged 2004 and 2005. 
Plant heighta
Treatment Blackville, SC Tifton, GA
Cover Cropb                                      cm                                             
Weedy cover 27 b 25 a
Rye 27 b 25 a
RAPRA 29 a 25 a
Herbicidesc
W 27 a 26 a
HW 28 a 25 a
LR 28 a 25 a
FR 28 a 24 a
aFor each cover crop and herbicide treatment, means within a column followed
by same letter are not significantly different based on Fisher’s Protected LSD at
α = 0.05.
bCover crop treatments where ‘Weedy cover’ is no cover crop, ‘Rye’ is rye cover
crop, and ‘RAPRA’ is wild radish cover crop.
cHerbicide treatment where ‘W’ is no herbicide treatment, ‘HW’ is 
handweeded treatment, ‘LR’ is half rate of atrazine (0.84 kg ai ha-1)
plus S-metolachlor (0.44 kg ai ha-1), and ‘FR’ is full rate of atrazine
(1.68 kg ha-1) plus S-metolachlor (0.87 kg ha-1).
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Table 6.6. Effect of cover crop and herbicide treatment on sweet corn root 
length at 4 and 8 wk after planting at Tifton, GA, averaged over 2004
and 2005.
Root lengtha
Treatment 4 WAP 8 WAP
Cover cropb                                      cm                                        
Weedy cover 13 b 22 b
Rye 14 b 24 a
RAPRA 15 a 24 a
Herbicidec
W 14 ab 22 b
HW 15 b 25 a
LR 14 ab 24 a
FR 13 a 24 a
 
a For each cover crop and herbicide treatment, means within a column followed by same
letter are not significantly different based on Fisher’s Protected LSD at α = 0.05.
b Cover crop treatments where ‘Weedy cover’ is no cover crop, ‘Rye’ is rye cover crop,
and ‘RAPRA’ is wild radish cover crop.
 c Herbicide treatment where ‘W’ is a no herbicide treatment, ‘HW’ is handweeded
treatment, ‘LR’ is half rate of atrazine (0.84 kg ai ha-1) plus S-metolachlor (0.44 kg ai ha-
1), and ‘FR’ is a full rate of atrazine (1.68 kg ha-1) plus S-metolachlor (0.87 kg ha-1).
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Table 6.7. Number of sweet corn marketable ears (x 1000 ha-1) from Blackville, SC, and
Tifton, GA, averaged over years 2004 and 2005.
Marketable ears ha-1 (x 1000)a
Cover cropb Herbicide treatmentc  Blackville, SC Tifton, GA
Weedy cover W 7 f 26 e
HW 29 ab 67 ab
LR 11 ef 59 bc
FR 16 de 63 bc
Rye W 9 f 42 d
HW 24 bc 63 bc
LR 30 ab 57 bc
FR 30 ab 59 bc
RAPRA W 21 cd 38 d
HW 30 ab 74 a
LR 34 a 56 c
FR 30 ab 65 abc
aCover crop and herbicide treatment means within a column followed by same letter are
not significantly different based on Fisher’s Protected LSD at α = 0.05.
 
bCover crop treatment  ‘Weedy cover’ is no cover crop, ‘Rye’ is rye cover crop treatment,
and ‘RAPRA’ is wild radish cover crop treatment.
cHerbicide treatment  ‘W’ is no herbicide treatment, ‘HW’ is handweeded treatment, 
‘LR’ is a half rate of atrazine (0.84 kg ai ha-1 ) plus S-metolachlor (0.44 kg ai ha-1), and
‘FR’ is  full rate of atrazine (1.68 kg ha-1) plus S-metolachlor (0.87 kg ha-1).
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CHAPTER 7
CONCLUSIONS
Wild radish is the most prevalent weed in small grain crops including wheat, peanuts,
and vegetable crops in the Southeast.  It is also a prolific seed producer and can cause
yield losses if not controlled in a timely manner.  However, it has the ability to produce
glucosinolates.  These glucosinolates hydrolyze to form isothiocyanates, which have
herbicidal properties.  Due to its abundance in the production fields in the southeastern
United States and glucosinolate production potential, it can be incorporated into soil and
used as a cover crop.  Because of these factors, this study of the biology and ecology of
wild radish in terms of its germination, growth, development, glucosinolate diversity, and
allelopathic potential was needed to develop efficient management strategies as well as
methods for its use as a cover crop.
Wild radish seeds when planted monthly throughout the year emerged, but the plants
that emerged from December through March had minimal survival during the winter
months of December through March.  Seeds that emerged in October and November
following planting in September and October formed a rosette of five to six leaves prior
to the winter months.  This formation of the rosette of leaves helped the plants overwinter
and survive winter conditions.  Plants emerging in December through March were unable
to form the rosette of leaves and had minimal survival.  The duration of developmental
phases of wild radish varied with emergence dates.  Wild radish plants emerging in
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October and November completed their life cycle in 188 and 230 days, while plants
emerging in the spring month of April completed their life cycle in 103 days.  Plants
emerging from May through July had short developmental phases, ranging from 12.5 to
14.5 d.  Plants emerging in October and November had robust growth and more biomass
accumulation compared to plants emerging in May and June.  Seed production of the wild
radish plants emerging in fall and spring months was also higher compared to those
emerging in the summer.  Wild radish has peak emergence in fall months; therefore,
control measures for this weed should be adopted prior to planting wheat in November to
reduce its effect on wheat yields.  Plants emerging in the spring months also need to be
controlled early in the season so that they do not affect yields of summer crops such as
corn. 
Wild radish seeds exhibit a cyclic pattern of germination.  Freshly harvested seeds of
wild radish exhibit minimal germination (none greater than 18%) at various constant and
fluctuating temperatures.  At 3 months after maturing, some wild radish plants overcame
dormancy and the seeds exhibited higher germination, with approximately 25 to 50%
germination depending on temperature exposure.  Germination declined 6 months after
placement on the soil surface or buried, indicating that lower winter temperatures induced
seeds to undergo secondary dormancy.  The germination decreased at optimum growth
temperatures of 5, 10, and 15 C at 9 months after retrieval from the soil surface with
further decline after 12 months on the soil surface.  Fluctuating temperature increased the
germination of wild radish when compared to constant temperatures.  Seeds buried in the
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ground at 10-cm depth had greater germination 3 months after retrieval when compared
with seeds from the soil surface.  The light requirements for wild radish germination also
varied over time.  Freshly harvested seeds of wild radish had no differences in
germination between far-red light and dark treatment, but red light induced higher
germination in the seeds.  The maximum wild radish germination occurred at
temperatures up to 15 C.  These temperatures occur in the fall and late spring in
southeastern United States.  Maximum germination in the field generally takes place in
the fall.  Suitable management measures should be developed in the fall to prevent yield
losses to crops.  Some wild radish seeds germinate in spring and measures should be
taken to prevent them from producing seeds and competing with crops.  Knowledge of
temperature and light requirements of wild radish will help in understanding the
emergence patterns of wild radish in the fields and hence making management decisions
for its use as a cover crop or for its control when it is considered as a weed . 
Wild radish has been shown to inhibit other plants and has allelopathic potential due to
the production of glucosinolates.   These glucosinolates hydrolyze in the presence of
myrosinase to produce isothiocyanates, which have herbicidal properties.  The
glucosinolate content and composition was shown to vary among different organs and
growth stages of wild radish.  Eight glucosinolates identified among different growth
stages of wild radish were glucoiberin, glucorpahanin, glucoraphenin, glucoerucin,
glucosinalbin, gluconasturtin, glucobrassicin, and glucotropaeolin.  The maximum
glucosinolate concentration per gram of plant material occurred in flowers at flowering
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stage followed by primary branches.  Of the glucosinolates detected in wild radish, six
glucosinolates, glucoiberin, glucoerucin, glucotropaeolin, glucoraphanin, gluconapin, and
gluconasturtin hydrolyze to form ITCs which have herbicidal properties.  The best time
for incorporating wild radish when it is used as a cover crop would be at 50% flowering
stage since this stage had maximum total GSLs due to both concentration and biomass.  
GSL levels dropped in the silique formation stage.  Incorporation at 50% flowering would
also prevent the formation of mature seeds which could  result in problems with wild
radish as a weed.  
Glucosinolate production at flowering stage in wild radish from 10 different accessions
from Alabama, Florida, Georgia, Maine, Mississippi, New York, North Carolina, and
South Carolina was evaluated.  Sixteen glucosinolates were identified. Glucoraphenin,
gluconapin, glucoerucin, glucobrassicin, and gluconasturtin were identified in all
accessions of wild radish.  The lowest glucosinolate concentration was in roots and
highest glucosinolate concentration per gram was in flowers.  There was no difference in
total biomass between accessions indicating they all grew equally well.  Total
glucosinolate concentration was highest in accessions from Florida and Mississippi, and 
lowest in the North Carolina accession.  Out of the sixteen GSLs identified, six GSLs
convert to ITCs with herbicidal properties.  These six GSLs constituted between 82 to
93% of the GSLs produced by wild radish.  Knowledge of GSL concentration among the
accessions of wild radish may help to identify the accessions which produce greater
GSLs, so that these accessions could be used to further improve the allelopathic potential
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of wild radish.  Further study of the Florida and Mississippi accessions as well as other
accessions is needed to determine if these accessions can produce higher GSL level
consistently under field conditions with different environmental and soil conditions. 
Wild radish was tested as a cover crop prior to planting sweet corn.  When it was used
along with half the recommended rates of atrazine and S-metolachlor, it provided season
long control of Florida pusley, large crabgrass, spreading dayflower, and ivyleaf
morningglory.  Wild radish cover crop when used alone without the use of any herbicides
provided good early-season weed control.  The weed control by cover crops alone was as
high as 65% for Florida pusley.  The control by cover crop alone declined later in the
season and herbicides were needed to provide season-long weed management.  Wild
radish cover crop if used in conjunction with half the recommended rates of herbicides
provided season-long weed control without affecting the sweet corn yields, resulting in
reduction in overall herbicide usage.  With the abundance of sweet corn in production
fields throughout the southeastern United States, it could become an important part of an
integrated weed management approach while reducing herbicide usage.
The knowledge of ecology, biology, and germination characteristics of wild radish is
useful in determining its period of emergence, optimum temperatures for maximum
germination, time of maximum biomass and seed production.  The knowledge of these
characteristics will help to better manage wild radish as a weed in production fields but
also this information can be important when using wild radish as a cover crop. Wild
radish should be incorporated into soil at the flowering stage to obtain maximum
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glucosinolate concentration.  This may be helpful in reducing herbicide usage and could
be an important component of integrated weed management and conservation agriculture. 
 Further studies are needed to determine the impact of wild radish as a cover crop on
crop weed competition.  Studies should be conducted to determine how wild radish in
conjunction with different production practices such as tillage may influence the weed
control without sacrificing yield while producing a more profitable crop production
system.  Wild radish as a cover crop system should also be compared with other
Brassicaceae cover crops in important vegetable crops such as tomatoes and bell peppers
to see which of the cover crop systems could provide a better and more profitable weed
control without affecting crop yields and may be utilized as part of an integrated
management systems for weeds.  Further studies are also needed to see if there are
accessions which may produce more glucosinolates.  The Florida and Mississippi
accessions should be studied in field situations to determine if they consistently produce
higher GSL content.  High GSL producing wild radish accessions would improve the
allelopathic potential and make incorporation into weed management programs possible.  
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